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DNA methylation plays an essential role in various biological processes such as 
stem cell differentiation, imprinting, X-chromosome inactivation, etc. Increased DNA 
methylation levels have been associated with chromatin compaction leading to gene 
silencing. For example, abnormal DNA methylation is associated with silencing of tumor 
suppressor genes and is observed in the onset of tumorigenesis. There is evidence 
suggesting that not all methylation events are relevant in chromatin compaction and the 
initiation of cancer. It seems that methylation at certain locations of the DNA might be 
key to start chromatin compaction and gene silencing, but the location of this methylation 
sites is still unknown. In order to identify DNA methylation locations that could 
potentially be involved in chromatin compaction and gene silencing, this research 
focused on studying the effects of different DNA methylation patterns in the modulation 
of chromatin compaction.  
Here, I engineered DNA sequences to include different DNA methylation patterns 
and test if their methylation status (methylated and unmethylated) had any influence in 
compactness of chromatin. The three methylation patterns studied consist of: 1) a stretch 




sites located at the major grooves ((CGX8)5,major) and minor grooves ((CGX8)5,minor) of the 
nucleosomal DNA. Using fluorescence spectroscopy techniques and other biophysical 
assays, I studied the effects of the methylation patterns on various properties of molecules 
representing three levels of chromatin organization: 1) Naked DNA, 2) Nucleosomes and 
3) Nucleosome arrays. My results showed that compactness of chromatin-like molecules 
with (CG)5 and (CGX8)5,major patterns showed a dependence on their methylation status. 
Specifically, methylation of a stretch of (CG)5 decreased the relative compactness of 
nucleosomes and increased tetranucleosome compaction. The opposite effect was 
observed for nucleosomes and tetranucleosomes with (CGX8)5, major pattern. These 
findings confirm that the presence of methylation in certain locations within chromatin 
lead to distinctive effects on the compactness of chromatin-like molecules. Our results 
allowed us to identify two DNA methylation patterns that could potentially shed light 
onto DNA methylation locations that are more functionally significant for gene 
expression regulation. Although the biological relevance of these methylation locations is 
still to be determined, the results of this research are instrumental in understanding the 
mechanism of chromatin compaction by DNA methylation and could be applied in the 
identification of new and more accurate DNA methylation biomarkers for early detection 





CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Cancer is a leading cause of death worldwide, accounting for 13% of all deaths (7.6 
millions) in 2008.1 Early detection of cancer improves the odds of successful treatment 
and survival of the disease. This can be achieved by detecting signals that appear in pre-
cancerous or cancer cells even before symptoms are present.2 Increased levels of DNA 
CpG methylation in the promoter regions of tumor suppressor genes accompanied by 
overall hypomethylation of the genome are hallmarks of the onset of tumorigenesis.3 For 
this reason, DNA CpG methylation shows great promise as biomarker for early detection 
of cancer. Identification and discovery of DNA methylation biomarkers is usually 
achieved by analysis of methylation levels of healthy and cancerous cells.2 From a very 
simple point of view, regions in the genome of cancer cells with distinctive changes in 
their DNA methylation levels could be identified as DNA methylation markers. However, 
DNA methylation levels in healthy cells can be altered as a result of age, diet, and other 
factors different from the onset of cancer.4–6 In addition, it has been shown that changes 
in the levels of methylation in certain regions of cancer genomes are not directly 
responsible of tumorigenesis.7,8 Therefore it is necessary to develop additional criteria, 




chromatin structure, to accurately and effectively identify useful DNA methylation 
biomarkers. 
1.2 Background 
In eukaryotic organisms DNA is packed into a DNA-protein complex called 
chromatin. The composing unit of the chromatin structure is the nucleosome. It consists 
of 147bp of DNA wrapped around a histone octamer.9 Chromatin’s degree of compaction 
regulates gene expression by restricting the accessibility of cellular machinery to 
genes.10–12 Such regulation mechanism is often controlled by epigenetic modifications12,13. 
In cancer cells, this regulatory mechanisms are disrupted leading to uncontrolled growth 
and spread of abnormal cells. 
DNA CpG methylation, the most common epigenetic modification in DNA, refers 
to the addition of a methyl group to the 5th carbon of a cytosine base in the context of a 
CpG dinucleotide.12,14 DNA CpG methylation plays a key role in the regulation of crucial 
processes in cells such as stem cell differentiation, X-chromosome and retrotransposons 
inactivation, genomic imprinting, etc.3,15 There is a well-established correlation between 
DNA hypermethylation, compaction of the chromatin structure, and silencing of gene 
expression. It is believed that hypermethylation of the promoter regions of tumor 
suppressor genes leads to compaction of the chromatin fiber at these locations and 
consequently silences gene expression. 16,17 As a result, pathways associated with 
prevention of cancer in cells are altered and normal cells turn into cancer cells.   
Chromatin compaction and gene silencing can be induced by DNA CpG 
methylation through the recruitment of different proteins such as linker histones, methyl 




presence of those proteins can prevent binding of transcription factors to promoter 
regions, promote the binding of transcriptional repressors, or block the accession of the 
transcriptional machinery by creating a more compact chromatin structure. 16,20–22. Some 
studies have suggested that increased levels of DNA methylation only are enough to 
modulate interactions between DNA and histone proteins and induce a compact 
chromatin structure. However the experimental results from these studies are 
contradictory. 23–27 The conflicting results observed in previous studies could originate 
from the relative importance of the DNA CpG methylation events in compaction of 
chromatin structures and gene expression. Recent studies have shown that not all CpG 
methylation events might be equally important for gene silencing. In some cases 
methylation of a few CpG sites is enough to silence expression of a gene.28–30 Which 
DNA methylation events are significantly important is still to be determined. 
In mammalian genomes there are approximately 107 methylated CpG sites.31 DNA 
CpG methylation is able to modify the physical properties of DNA double helix. In 
particular, it has been shown that the presence of DNA methylation reduces flexibility of 
DNA and stabilizes the double helix structure.32–34 The extent to which DNA methylation 
affects the flexibility of a DNA fragment has been found to be DNA-sequence and 
position dependent.35  
DNA methylation also influences nucleosome positioning patterns. The presence of 
a stretch of (CG)n at the central dyad of the nucleosome position sequence has shown to 
reduce the binding affinity to the histone octamer and change the nucleosome positioning 
pattern of well-positioned nucleosomes.25,34 A strong correlation between nucleosome 




10bp in nucleosomal DNA, in either the major or minor grooves, was recently found in 
multiple Genome-Wide-Association studies (GWAS).36,37 
All this evidence together suggest that the position, number and frequency of DNA 
methylation within the nucleosome i.e. a define DNA methylation pattern, could 
influence the conformation and stability of the chromatin fiber. If this is the case, DNA 
methylation(s) located at key positions within the nucleosome will be more functionally 
important for chromatin compaction and gene silencing than hypermethylation of the 
DNA sequence. 
1.3 Thesis goal and approach 
The goal of this thesis was to characterize the role of different DNA CpG 
methylation patterns in modulating the compaction level of chromatin structures, 
depending on their methylation status. DNA CpG methylation patterns with the ability to 
modulate chromatin compaction could have biological implications in gene expression 
regulation and they could be applied as additional criteria to search for DNA methylation 
biomarkers for early detection of cancer.  
To achieve this goal, DNA CpG methylation patterns (CpG patterns) were designed 
based on the crystal structure of the nucleosomes. Three main regions in the nucleosomal 
DNA were selected to accommodate the CpG patterns.  
• Central Dyad: This region is located at the middle of the nucleosomal DNA 
sequence. It marks a pseudo-two-fold axis of symmetry of the nucleosome and 
is highly accessible to the cellular machinery.38  
• Minor Grooves of the nucleosomal DNA facing towards the histone protein 




region the nucleosomal DNA makes direct contact with the histone octamers 
in the nucleosome.38  
• Major Grooves of nucleosomal DNA facing towards the histone octamer: This 
region is also located every 10bp in the nucleosomal DNA but is 5bp off from 
the Minor Grooves.38  
The CpG patterns designed for this project consist of: 1) a stretch of five consecutive 
CpG dinucleotides located at the central dyad ((CG)5) and 2) five CpG dinucleotides at 
10bp intervals located at the Minor Grooves (CGX8)5,Minor) or at the Major Grooves 
((CGX8)5,Major) of nucleosomal DNA. All CpG patterns were introduced into the Widom-
601 DNA sequence.39 This sequence has a well-elucidated nucleosomal DNA 
coordinates40,41 and large binding affinity to the histone octamer39. Both of these features 
enable us to examine specific nucleosomal locations without concerning about changes in 
the nucleosome positioning pattern.  
The effects of these CpG patterns were assessed at different levels of chromatin 
organization: 1) Naked DNA, 2) Nucleosomes, i.e. the composing unit of chromatin and 
3) Nucleosome arrays, i.e. the repetitive unit of chromatin. 
1.4 Thesis outline 
Physical properties of DNA such as bending flexibility and curvature are expected 
to affect DNA packaging and partially determine the nucleosome positioning patterns. In 
Chapter 2 we evaluated the effect of defined CpG patterns (unmethylated and methylated) 
on DNA structure and their respective nucleosome-forming ability.  
Since hypermethylation of DNA sequences have been associated with increased 




quantified the effects of DNA hypermethylation on the conformation and dynamics of a 
nucleosome containing a random CpG pattern, i.e. the Widom-601 sequence.  
  After studying the effects of hypermethylation in nucleosomes containing a 
random CpG pattern, we move to study the effects of the designed CpG patterns in 
nucleosome conformation and stability. The results are presented in Chapter 4.  
Nucleosome arrays are expected to closely mimic the behavior of a chromatin fiber. 
The impact of the CpG patterns in the compaction of nucleosome arrays was studied in 
Chapter 5.  






CHAPTER 2. UNMETHYLATED AND METHYLATED CPG DINUCLEOTIDES 
DISTINCTIVELY REGULATE THE PHYSICAL PROPERTIES OF DNA 
This chapter consists of a manuscript by Jimenez-Useche I, Shim D, Yu J and Yuan C, 
accepted for publication in Biopolymers (DOI: 10.1002/bip.22411). 
 
2.1 Abstract 
In eukaryotic cells, DNA has to bend significantly to pack inside the nucleus. 
Physical properties of DNA such as bending flexibility and curvature are expected to 
affect DNA packaging and partially determine the nucleosome positioning patterns 
inside a cell. DNA CpG methylation, the most common epigenetic modification 
found in DNA, is known to affect the physical properties of DNA. However, its 
detailed role in nucleosome formation is less well-established. In this study, we 
evaluated the effect of defined CpG patterns (unmethylated and methylated) on DNA 
structure and their respective nucleosome-forming ability. Our results suggest that the 
addition of CpG dinucleotides, either as a (CG)n stretch or a (CGX8)n repeats at 10bp 
intervals, lead to reduced hydrodynamic radius and decreased nucleosome-forming 
ability of DNA. This effect is more predominant for a DNA stretch ((CG)5) located in 
the middle of a DNA fragment. Methylation of CpG sites, surprisingly, seems to 
reduce the difference in DNA structure and nucleosome-forming ability among DNA 
constructs with different CpG patterns. Our results suggest that unmethylated and 





properties of DNA. CpG methylation seems to reduce the DNA conformational 
variations affiliated with defined CpG patterns. Our results can have significant 
bearings in understanding the nucleosome positioning pattern in living organisms 
modulated by DNA sequences and epigenetic features.  
2.2 Introduction 
In eukaryotic cells, DNA exists in a highly organized DNA-protein complex 
known as chromatin.38,42 Chromatin regulates multiple DNA-associated processes 
such as transcription, replication and DNA repair by modulating the accessibility of 
genomic information. The basic composing unit of chromatin, i.e., nucleosomes, 
consists of a 147bp double-stranded DNA wrapped around a histone octamer in 1.65 
turns of a left-handed superhelix.9 To form this structure, DNA has to bend 
significantly to comply with the surface curvature of a histone octamer. Physical 
properties of DNA, e.g., local curvature and bendability, thus, are expected to affect 
the ability of DNA to form nucleosomes and eventually lead to distinctive 
nucleosome positioning patterns in genome.43 Such properties are strongly dependent 
on DNA sequence and can be further modulated by the occurrence of epigenetic 
modifications such as DNA methylation.  
DNA methylation, the addition of a methyl group to cytosine bases, is the most 
common epigenetic modification found in mammals.44 It primarily occurs within the 
CpG dinucleotide and is known to play a crucial role in gene regulation, such as gene 
silencing and genomic imprinting.17,45  Abnormal DNA methylation patterns are 
commonly affiliated with various types of cancers.3,15 Understanding how DNA 





decipher the role of DNA methylation in regulating chromosome packaging and gene 
expression at molecular scale.  
There has been a rich body of literature examining the effects of DNA 
methylation on the structure and mechanical properties of DNA ranging from 
theoretical to experimental studies. These works suggested that unmethylated CpG 
dinucleotides tend to be more flexible and have larger local curvature compared with 
other types of dinucleotides (only TA and CA dinucleotides have comparable 
curvature).25  DNA CpG methylation introduces a methyl group to the cytosine. The 
added methyl groups are located in the DNA major grooves and increase the depth of 
the major groove.46 Compared with unmethylated CpG dinucleotides, methylated 
CpG dinucleotides (meCpG) generally enhances the stability of the double helix due to 
the stacking of the methylated bases.47 However, a recent study has shown that this 
effect can also be further modulated by methylation levels and DNA sequence 
contexts.35 Methylated DNA also tends to exhibit reduced flexibility and 
underwinding, due to the presence of the methyl groups in the major grooves.32,33,48,49  
Although it has been postulated that the increased rigidity of methylated DNA 
fragments can prevent the effective formation of nucleosomes,50  the precise effect of 
DNA methylation on nucleosome formation remains elusive. While early studies 
suggest that DNA methylation have little or no effect in nucleosome positioning,23,51 
more recent studies have shown that the presence of meCpG dinucleotides, in 
particular in the vicinity of the central dyad of a nucleosome,25,34 decreases the 





This study aims to elucidate how specific patterns of CpG or methylated CpG 
(meCpG) dinucleotides, such as a CpG stretch ((CG)n) or CpG dinucleotide repeats at 
10bp intervals ((CGX8)n), can distinctively regulate DNA structure, DNA flexibility 
and ultimately its nucleosome-forming ability. Specifically, we introduced defined 
CpG/meCpG patterns to a 157bp DNA fragment and evaluated the effects of various 
patterns on DNA conformation using fluorescence correlation spectroscopy and 
computer modeling tools. We also compared the ability of these DNA fragments to 
form nucleosomes using nucleosome competitive reconstitutions. Our results suggest 
that the addition of (CpG) dinucleotides to DNA increases its translational diffusivity, 
but reduces its nucleosome-forming ability. This change is more significant in DNA 
sequences containing a (CG)5 stretch. On the other hand, introduction of meCpG 
dinucleotides to identical locations leads to smaller changes in the examined physical 
properties of DNA. These results suggest that CpG dinucleotides affect DNA physical 
properties depending on their location and methylation level. Our findings based on 
Widom-601 sequence seem to suggest that methylation of CpG sites reduces the 
difference in DNA physical properties observed in unmethylated DNA sequences. In 
addition, methylation reduces DNA nucleosome-forming abilities. This change is 
larger in the original Widom-601 sequence than the engineered DNA fragments with 
additional CpG sites. The observation of this study is instrumental in understanding 
the distinctive role of CpG and meCpG patterns in regulating nucleosome positioning 





2.3 Materials and Methods 
2.3.1 Preparation of DNA samples containing defined CpG or meCpG patterns 
Three types of 157bp-long DNA constructs were used in this study. The 
detailed DNA sequences are summarized in Table 2.1. All DNA constructs were 
based on the Widom-601 sequence with the highest-known binding affinity to a 
histone octamer.39 Two types of specific CpG patterns were introduced to the original 
Widom-601 sequence, specifically 1) a stretch of five CpG dinucleotides located in 
the middle of the DNA sequence ((CG)5) or 2) a five-repeat CpG dinucleotides at 
10bp intervals located on one half of the DNA sequence ((CGX8)5). The introduced 
CpG patterns can also affect G+C content and number of CpG sites of the DNA 
fragments. These features are also summarized in Table 2.1. These two specific 
patterns were selected since they are commonly observed in eukaryotic genomes.39 
Each DNA fragment was individually cloned into a pUC57 vector by a 
commercial source (GenScript, Piscataway, NJ). The DNA sequence was verified 








Table 2.1 DNA sequences of the three constructs used in this work. All DNA 
sequences are 157bp long. Linker DNA is indicated in italics. All CpG sites are bold 




























Fluorescently labeled DNA fragments were prepared using a PCR approach as 
described previously.54 The fluorescent dye, i.e., fluorescein (FAM) or 
tetramethylrhodamine (TAMRA), was incorporated to the 5’ end of DNA. FAM-
labeled DNA fragments were used in fluorescence correlation spectroscopy (FCS) 
studies. TAMRA-labeled DNA fragments were used in nucleosome competitive 
reconstitutions. Part of the fluorescently labeled DNA fragments was methylated 
using a bacterial methyltransferase (M.SssI) as described previously.55 We verified 
the DNA methylation level of the DNA fragments using BstUI enzyme digestions as 
shown in Fig.2.7.1. The cleavage ability of BstUI can be completely blocked by the 
presence of CpG methylation. The methylation levels of the DNA fragments treated 





the methyltransferase was removed using phenol-chloroform extraction and the DNA 
fragments were further purified using ethanol precipitation.  
2.3.2 Fluorescence Correlation Spectroscopy (FCS) 
Fluorescence correlation spectroscopy (FCS) is a powerful single-molecule 
technique that is commonly used to quantify the dynamic behavior of biological 
molecules.56,57 In this study, we used a dual-channel confocal spectrometer (ALBA 
FCS system, ISS, Champaign, IL) to record the fluctuations in fluorescence intensity 
of labeled DNA fragments with defined CpG and meCpG patterns. The correlation 
data were collected using a two-channel digital correlator with PCI bus at 50kHz with 
a 440nm continuous laser source. The laser power was optimized to minimize the 
effect of triplet state and photobleaching on the quality of the correlation curve.56 The 










where 𝜏𝐷 is the characteristic translational diffusion time of the fluorescently tagged 
species and  ω is a dimension ratio calculated as 𝑧0/𝑟0 (𝑧0 and 𝑟0 are the axial and 
lateral dimension of the observation volume respectively). By assuming the 
observation volume assumes a Gaussian profile, the translational diffusion coefficient 
(𝐷𝑡𝑟𝑎𝑛𝑠) can be determined as 𝐷𝑡𝑟𝑎𝑛𝑠 = 𝑟02/(4𝜏𝐷).58 The dimensions of the 
observation volume, 𝑧0 and 𝑟0,  are calibrated using a standard dye solution, 
rhodamine 110 solution, with known concentration and translational diffusivity (430 
μm2/s).59   
All measurements were performed at room temperature using DNA samples 





EDTA) at various KCl concentrations. A typical correlation curve obtained using 
fluorescein-tagged DNA molecules and the data fitting quality is shown in Fig.2.7.2. 
The characteristic translational diffusion time can be further converted to the 
translational diffusivity (𝐷𝑡𝑟𝑎𝑛𝑠) and used to characterize the hydrodynamic radius of 
the DNA molecules using the Stokes-Einstein equation. 
2.3.3 Nucleosome competitive reconstitution 
To investigate the relative binding affinities of DNA fragments to histone 
octamers, we performed nucleosome competitive reconstitutions following an 
established protocol.60,61 Specifically, we prepared TAMRA-labeled DNA fragments 
with defined DNA sequences using a PCR approach.55 Recombinant DNA fragments 
with Widom-601 sequence were used as competitor DNA. Recombinant histone 
octamers with histone sequences derived from Xenopus laevis were prepared and 
purified using an established protocol.62,63 
A reaction mixture containing TAMRA-labeled DNA fragments (~0.04μM) 
with the sequence of interest, competitor DNA fragments (~3μM) and histone 
octamers ( ~2.4μM) was mixed at 4 C̊ with TEK buffer (10mM Tris-HCl, 0.1mM 
EDTA, 2M KCl). The reaction mixture then underwent a reconstitution process.62 
During this process the KCl concentration was gradually lowered to 10mM. The 
reconstituted products were then analyzed using a 5% polyacrylamide gel. Gel images 
were collected using a Kodak Image Station 4000MM (Carestream Health, Rochester, 






The collected gel images were analyzed using ImageJ software (U.S. National 
Institutes of Health, MD). The intensities of gel bands corresponding to free DNA or 
nucleosomes were quantified. For each sequence of interest (i), we calculated its 
nucleosome forming ability (𝐾𝑖) under the specified reconstitution condition as: 
𝐾𝑖 = 𝐼𝑁𝐶𝑃,𝐼𝐷𝑁𝐴, where 𝐼𝑁𝐶𝑃 and 𝐼𝐷𝑁𝐴 are the intensities of gel bands corresponding to 
nucleosomes and DNA respectively.  Using unmethylated Widom-601 sequence as 
the reference DNA, we then calculated the change in Gibbs free energy for 
nucleosome formation ∆∆𝐺𝑖𝑁𝑢𝑐 of each DNA construct (i) relative to the reference 
DNA following Eq.2.2.   
∆∆𝐺𝑖
𝑁𝑢𝑐 = −𝑅𝑇ln ( 𝐾𝑖
𝐾𝑊𝑖𝑑𝑜𝑚−601
) (Eq.2.2) 
DNA fragments with binding affinities higher than Widom-601 sequence will have 
negative ∆∆𝐺𝑖𝑁𝑢𝑐 values, while DNA with lower binding affinities will have positive 
∆∆𝐺𝑖
𝑁𝑢𝑐 values.  
 
Figure 2.1 A typical 5% polyacrylamide gel used to analyze the products from 
competitive nucleosome reconstitutions. The gel was run at 200V with 0.25xTBE 





2.4 Results and Discussions 
2.4.1 Static and dynamic structures of DNA with defined CpG patterns 
We started by evaluating the effects of additional CpG sites on the curvature 
of DNA fragments using a molecular modeling tool, “Model it”.64 This simulation 
tool is based on the structural parameters of a typical B-DNA and the DNA 
sequence.64 The predicted static structures of DNA are shown in Fig.2.2(a). The 
introduction of a (CG)5 stretch and five-repeat CpG dinucleotides at 10bp intervals 
((CGX8)5) both lead to significant changes in DNA curvatures. Specifically, since the 
sequence modifications primarily occur on the right half of the DNA fragment, the 
DNA curvature was mostly affected in this region. (CGX8)5 induces slightly larger 
structural distortions from the unperturbed Widom-601 structure than (CG)5. The 
generated PDB coordinates of each DNA construct was then used as inputs to 
calculate the hydrodynamic properties of DNA using the HYDROPRO program.65 
The translational diffusivities of DNA fragments predicted based on their static 
curvatures are summarized in Table 2.7.1. In spite of the visual changes in DNA 
curvatures, the predicted translational diffusivities were found to be ~29 μm2/s, with 






Figure 2.2 Effect of sequence and CpG methylation in DNA structure and 
translational diffusivity. (a) The static DNA structures predicted using the modeling 
tool (Model.it). (b) The translational diffusivities of unmethylated DNA fragments 
under various salt concentrations measured by FCS. The dotted horizontal line in the 
figure corresponds to the translational diffusivity predicted by hydrodynamic 
calculations based on the static structures of DNA. (c) The measured translational 
diffusivities of methylated DNA fragments measured by FCS. Data = mean ± 
standard error, sample size= 4-8. 
 
We then experimentally measured the translational diffusivities of various 
DNA constructs under increasing salt concentrations using FCS. The FCS 
measurements were carried out in TE buffer (10mM Tris-HCl, pH 8.0, 0.1mM EDTA) 





Fig.2.2(b). Without the addition of salts, the translational diffusivities of the three 
constructs are almost identical to each other independent of their CpG contents. This 
observation is consistent with the predictions using hydrodynamic calculations. 
However, as KCl concentration increases, especially at an ionic strength similar to the 
physiological condition, i.e., 100 mM, the additional CpG patterns both lead to 
increased translational diffusivities (13% for (CG)5 with p< 0.01 and 9 % for (CGX8)5 
with p<0.01 compared with diffusivities at 0mM KCl). The increase is slightly larger 
for the (CG)5 stretch compared to (CGX8)5. The difference in the dynamic 
conformation of DNA as found in our study tends to diminish at even higher ionic 
strength (~500mM). 
The observed changes in DNA translational diffusivity due to additional CpG 
sites are expected, because unmethylated CpG dinucleotides tend to be more flexible 
than the other types of dinucleotides.25 The overall dimension of a DNA molecule can 
be quantified using a semi-flexible polymer model and is inversely related to the 
flexibility of DNA molecules.66 Increases in DNA flexibility thus lead to reduced 
hydrodynamic sizes and increased diffusivities.  
At low ionic strengths, the repulsion force between DNA bases dominates. 
DNA molecules, therefore, behave more like rigid-rod molecules as predicted by 
HYDROPRO program using static structural parameters. The translational 
diffusivities of all DNA fragments without salts, therefore, remain close to each other 
and are similar to the HYDROPRO predictions. As ionic strength increases, the 
repulsion forces between the negatively charged DNA phosphate groups start to get 





observed translational diffusivity. Since the unmethylated CpG dinucleotides tend to 
be more flexible than the other types of dinucleotides, we expect a reduction in 
hydrodynamic radius (𝑅𝐻) due to the enhanced flexibility. (CG)5 stretch seems to 
contribute more to the increased flexibility than evenly distributed CpG dinucleotide 
repeats ((CGX8)5). As ionic strength increases further, we expect that DNA 
conformations will be primarily determined by the flexibility of DNA strands and the 
measured diffusivities will potentially demonstrate the largest sequence-dependence. 
The experimental data that we collected at 500mM KCl, however, do not fully 
support this hypothesis. In addition, the observed changes in translational diffusivities 
due to increasing salt concentrations is larger than expected given only the changes in 
DNA flexibility (DNA persistence length changes from 110 to 40nm with increasing 
salt concentrations). This deviation suggests that other interaction mechanisms, 
besides DNA rigidity, may also contribute to determine DNA conformations. In 
particular, some of the deviations are likely to be attributed to the conformational 
change of the Widom-601 DNA with increasing salt concentrations.  
2.4.2 Static and dynamic structures of DNA with defined meCpG patterns 
The effects of defined meCpG patterns on the DNA conformation were 
evaluated using a similar approach. Different from what we observed in the previous 
section, the introduction of meCpG dinucleotides does not lead to significant changes 
in DNA dynamic conformations (Fig.2.2(c)).  Specifically, the DNA construct with 
an additional (meCG)5 or (meCGX8)5 both seem to exhibit almost identical diffusivities 





diffusivities of all methylated DNA constructs were found not to be significantly 
different from meWidom-601 with p<0.5 using a student’s t-test.  
To further quantify the role of DNA methylation on specific CpG patterns, we 
calculated the change in DNA diffusivities due to CpG methylation as 𝑟 =
𝐷𝑚𝑒𝑡ℎ𝑦𝑎𝑙𝑎𝑡𝑒𝑑,𝑖
𝐷𝑢𝑛𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑,𝑖, where Dmethylated,i and Dunmethylated,i refer to the translational diffusivities 
of DNA fragments with and without methylation, containing the CpG pattern i, such 
as unperturbed Widom-601, (CG)5 and (CGX8)5. The results are illustrated in Fig.2.3.  
 
Figure 2.3 A summary of DNA CpG methylation effects on the translational 
diffusivities of DNA fragments with distinctive CpG patterns.  
 
The conformation of the unperturbed Widom-601 sequence and (CGX8)5 does 
not seem to be affected by DNA methylation. However, significant changes in 
translational diffusivity were observed between the unmethylated and methylated 
DNA constructs with an additional (CG)5 stretch located in the middle of the DNA, 





concentrations, DNA methylation reduces the translational diffusivity of DNA 
suggesting a more rigid DNA conformation.  
Combining with our observations in the previous section, our results suggest 
that DNA methylation seemingly reduces the differences in dynamic conformations 
among DNA strands with distinctive CpG patterns. This phenomenon can potentially 
originate from the reduction in DNA flexibility due to methylation. There are various 
studies in literature suggesting that DNA methylation commonly leads to increased 
DNA rigidity due to the addition of methyl side chains.32,34,67 Increased 
hydrophobicity of methylated DNA has also been shown recently to contribute to the 
low flexibility of DNA.68 Consequently, the increased flexibility originated from 
additional CpG patterns was compensated by the increase in DNA rigidity due to 
DNA methylation. This compensation effect was found to be more significant for 
DNA constructs containing a (CG)5 stretch, which exhibit almost 10% reduction in 
translational diffusivity.  This reduction suggests that the methylated DNA fragment 
assumes a less curved and/or less flexible structure due to the addition of methyl side 
chains.  
2.4.3 Nucleosome-forming ability of DNA fragments with defined CpG or meCpG 
patterns 
A DNA sequence encodes for its own nucleosome binding affinity by 
assuming different static curvatures and dynamic flexibilities. We characterized the 
ability of different DNA constructs to form nucleosomes experimentally by 
quantifying ∆∆𝐺𝑖𝑁𝑢𝑐 of each DNA construct using competitive nucleosome 





reference DNA in our measurements. The results are summarized in Fig.2.4(a) and 
Table.2.7.2.  
Introduction of additional CpG dinucleotides to Widom-601 sequence leads to 
increased ∆∆𝐺𝑖𝑁𝑢𝑐 values suggesting decreased nucleosome-binding affinities. The 
change in ∆∆𝐺𝑖𝑁𝑢𝑐 values due to the additional (CG)5 is much larger (~5 times) 
compared with the change induced by (CGX8)5. The measured nucleosome-forming 
ability of various DNA fragments was compared with the computed nucleosome 
occupancy map. The probability of nucleosome occupancy at individual DNA sites 
can be predicted using a computational tool developed by Segal’s Lab based on 
genomic-wide-association studies in yeast.69 The yeast genome was selected because 
it has very low DNA methylation level.  The nucleosome occupancy map of each 
DNA fragment is shown in Fig.2.4(b). Similar to our experimental observations, the 
unperturbed Widom-601 sequence was predicted to have the highest probability of 
forming nucleosomes among all three DNA constructs, followed by the sequence 
containing the additional (CGX8)5. The sequence containing the additional (CG)5 
stretch was predicted to have the lowest probability of nucleosome occupancy, 






Figure 2.4 Effect of sequence and CpG methylation on the binding affinity of DNA 
to histone octamers. (a) ΔΔGNuc of different DNA constructs. 157bp DNA fragments 
with unmethylated Widom-601 sequence were used as reference DNA.  (b)The 
nucleosome occupancy map generated using nucleosome position prediction tools. (c) 
The effects of DNA methylation on the nucleosome-forming abilities of specific 
DNA constructs. (d) A summary of the translational diffusivities (measured at 
100mM KCl) and the nucleosome-forming abilities of all DNA constructs examined 
in this study. Fig. 2.4(a) and 2.4(c):  Data = mean ± standard error, sample size = 3-7. 
All comparisons were performed between the selected DNA and Widom-601 






With the introduction of ~100% CpG methylation, the nucleosome-forming-
abilities of all DNA constructs decrease by exhibiting higher ∆∆𝐺𝑖𝑁𝑢𝑐 values as 
shown in Fig.2.4(a).  Among the three DNA constructs evaluated in this study, the 
DNA sequence containing an additional (meCG)5 is  the least likely to form 
nucleosomes. Methylated Widom-601 sequence and the sequence containing the 
(CGX8)5 repeats are equally likely to form nucleosomes. The difference in ∆∆𝐺𝑖𝑁𝑢𝑐 
among different DNA sequence constructs were reduced significantly for methylated 
DNA fragments compared with unmethylated DNA.  This trend is similar to what we 
have observed before when evaluating the effects of DNA methylation on the 
dynamic conformations of DNA.  
To further evaluate the effects of DNA methylation affiliated with each CpG 
pattern, we quantified the effect of DNA methylation on nucleosome formation 
(∆∆𝐺𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛𝑁𝑢𝑐 ) for each DNA construct as ∆∆𝐺𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛𝑁𝑢𝑐 = ∆∆𝐺𝑖,𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑𝑁𝑢𝑐 −
∆∆𝐺𝑖,𝑢𝑛𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑𝑁𝑢𝑐 , where ∆∆𝐺𝑖,𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑𝑁𝑢𝑐  and ∆∆𝐺𝑖,𝑢𝑛𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑𝑁𝑢𝑐  refer to the change 
in Gibbs free energy of a specific DNA construct i with and without CpG methylation. 
The results are illustrated in Fig.2.4(c). DNA methylation reduces the nucleosome-
forming ability of all DNA constructs. The reduction in nucleosome-forming abilities 
is more pronounced in the original Widom-601 sequence than the other two DNA 
constructs containing additional CpG sites. 
Combining our results of competitive nucleosome reconstitutions and FCS 
experiments, we summarized our findings in Fig.2.4(d). Without DNA methylation, 
DNA molecules with higher translational diffusivities, equivalent to smaller 





deformation of DNA fragments induced by the additional CpG sites does not favor 
the formation of nucleosomes. In our study, DNA methylation primarily affects the 
conformation of the DNA fragment with an additional (CG)5 stretch. Nevertheless, 
the nucleosome binding affinities of all three DNA constructs are significantly 
reduced with the introduction of DNA methylation. No direct correlations were 
observed between the translational diffusivities and nucleosome-forming abilities of 
DNA fragments in this study. These results seem to suggest that, in addition to the 
dynamic and static conformations of DNA, other types of interactions involving 
methylated CpG sites also contribute to determining the nucleosome-forming abilities 
of methylated DNA.  For example, the additional methyl groups can impose 
additional steric hindrance for nucleosome-formation when they are placed at specific 
locations relative to histone octamers.25,53 Our results, based on Widom-601 
sequences, also indicate that DNA methylation seems to reduce the difference in 
DNA conformations and nucleosome-forming abilities among DNA sequences that 
was originally caused by additional CpG dinucleotides. 
2.5 Conclusions  
Our results suggest that additional CpG dinucleotides can have significant 
effects on the dynamic conformations and nucleosome-forming abilities of DNA. The 
presence of additional CpG dinucleotides, particularly as (CG)5, significantly reduces 
the nucleosome forming abilities of DNA. The introduction of DNA methylation, 
however, diminishes the variations in the measured size (𝐷𝑡𝑟𝑎𝑛𝑠) and nucleosome-
forming ability among the examined DNA sequences. DNA methylation seems to 





dinucleotides, i.e., (CG)5. The five-repeat CpG dinucleotides at 10bp intervals, 
another commonly observed CpG pattern in mammalian chromosomes39, on the other 
hand, does not seem to have as large effects on DNA conformation.  
With the introduction of DNA methylation, the nucleosome forming abilities of 
all examined DNA constructs are significantly reduced. Although methylated 
cytosine is commonly considered as the fifth nucleotide and is expected to bring more 
diversity to the physical properties of DNA, the findings of this work, based on the 
Widom-601 sequence, suggest that DNA methylation seems to do the opposite by 
reducing the differences in physical properties of DNA due to sequence variations. It 
must be noted; however, that Widom-601 sequence is a specially evolved synthetic 
sequence.39 Different types of DNA sequences should be evaluated to generalize the 
findings of this work.  
The findings of this study provide us with fundamental knowledge to understand 
the effect of DNA methylation on nucleosome positioning patterns in cell and 
correspondingly its role in gene regulation. 
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2.7 Supporting Material 
 
Table 2.7.1 Translational diffusivities of DNA fragments predicted using the 
HydroPro modeling tool. 
 Translational Diffusivity 
(µm2/s) 
Widom-601 28.9  
(CG)5 29.2  






Table 2.7.2 Change in Gibbs free energy of nucleosome formation of unmethylated 
DNA fragments containing defined CpG patterns. 
 ΔΔGNuc (kJ/mol) 
 Unmethylated Methylated 
Widom-601 0 5.15 ± 0.20 
(CG)5 1.77 ± 0.14 6.34 ± 0.15 









Figure 2.7.1 The BstUI digestion patterns of labeled DNA fragments produced by 
PCR. After methylating DNA fragments using M.SssI methyltransferase, all DNA 





Figure 2.7.2 A typical correlation curve of 157bp DNA fragments labeled with FAM 
on the 5’ ends. The correlation curve was well-fitted using a single-species model 












CHAPTER 3.  THE EFFECT OF DNA CPG METHYLATION ON THE 
DYNAMIC CONFORMATION OF A NUCLEOSOME 
This chapter consists of a manuscript by Jimenez-Useche I and Yuan C, published in 
Biophysical Journal, Volume 103, Issue 12 , 2012 (DOI: 10.1016/j.bpj.2012.11.012) 
 
3.1 Abstract 
DNA methylation is an important epigenetic mark that is known to induce 
chromatin condensation and gene silencing. We utilized a time-domain fluorescence 
lifetime measurement to quantify the effects of DNA hypermethylation on the 
conformation and dynamic of a nucleosome. Nucleosomes reconstituted on an 
unmethylated and a methylated DNA both exhibit dynamic conformations under 
physiological conditions. The DNA end breathing motion and the H2A-H2B dimer 
destabilization dominate the dynamic behavior of nucleosomes at low to medium 
ionic strength. Extensive DNA CpG methylation, surprisingly, does not help to 
restrain the DNA breathing motion, but facilitates the formation of a more open 
nucleosome conformation. The presence of the divalent cation, Mg2+, essential for 
chromatin compaction, and the methyl donor molecule SAM, required for DNA 
methyltransferase reaction, facilitate the compaction of both types of nucleosomes. 
The difference between the unmethylated and the methylated nucleosome persists 
within a broad range of salt concentrations, but vanishes under high magnesium 





groups is believed to contribute to the observed structural and dynamic differences. 
The observation of this study suggests that DNA methylation alone does not compact 
chromatin at nucleosomal level and provides molecular details to understand the 
regulatory role of DNA methylation in gene expression. 
3.2 Introduction 
DNA in eukaryotic cells is folded into a compact form by wrapping around a 
protein complex, i.e., histone octamer.38,42 This structural assembly, known as 
chromatin, plays an important role in regulating gene expression by controlling the 
accessibility of DNA to the transcriptional machinery. The nucleosome is the building 
block of a chromatin fiber. The high-resolution crystal structure of a nucleosome has 
revealed the atomic details of this basic unit as composed of 147 bp DNA wrapped 
around a histone octamer.38 Instead of assuming a static conformation, the 
nucleosome complex is highly dynamic.10,11 These dynamic features, originating from 
different types of histone variants, histone post-translational modifications and DNA 
modifications, also known as epigenetic modifications, can have profound effects in 
gene regulation and cell growth.10–12,31 
DNA methylation is the most common epigenetic mark that occurs at the DNA 
level. A healthy mammalian genome is normally filled with more than 107 methyl 
groups.31 An aberrant DNA methylation pattern, especially in the promoter region, is 
closely correlated with the development and the progression of cancer and 
neurological diseases.3,17 DNA hypermethylation has been shown to lead to the 
formation of heterochromatin and gene silencing in various cell studies.17,45 However, 





question. The prevailing mechanism suggests that DNA methylation provides 
preferential binding sites for specific proteins, i.e., MeCP2, which helps to recruit 
other nucleosome binding proteins and synergistically promotes the compaction of 
methylated chromatin.18,19 Meanwhile, there are other studies suggesting that DNA 
methylation can directly regulate the accessibility of chromatin, by affecting the 
conformation and dynamics of the formed nucleosome complexes.24–26 The existing 
experimental evidence accounting for the role of DNA methylation in modulating 
chromosome conformation does not align well with each other. Whether DNA 
methylation can directly modulate chromosome conformation remains controversial.  
Our study aims to address this issue by evaluating nucleosome conformation 
and stability using a time-domain fluorescence lifetime spectroscopy approach. Using 
the DNA sequence with the highest known binding affinity to a nucleosome, i.e., the 
Widom-601 sequence39, we reconstituted nucleosomes with different DNA 
methylation features. We quantified the effects of DNA methylation on the 
conformational and dynamic features of the reconstituted nucleosomes under a broad 
range of buffer conditions. Our results suggest that nucleosomes assume a dynamic 
conformation independent of DNA methylation level, similar as suggested by existing 
literature.70–72 However, under various buffer conditions examined in this study, DNA 
methylation alone does not directly compact a nucleosome, but leads to a more open 
nucleosome conformation with enhanced DNA end “breathing” motion. This finding 







3.3 Materials and Methods 
3.3.1 Preparation of fluorescently labeled nucleosome samples    
We utilize a 157bp DNA fragment to reconstitute nucleosomes in this study. 





This sequence consists of a 147bp Widom-60139 sequence with a 5 bp linker 
DNA (italics) on both ends. The sequence contains 13 CG sites (underlined). 
Nucleosome samples are prepared by mixing fluorescently labeled DNA fragments 
with refolded recombinant histone octamers.   
The labeled DNA fragments are produced by PCR, using primers that have 
either a fluorescein (FAM) or tetramethylrhodamine (TAMRA) label on their 5’ ends. 
The PCR products are then purified using a QIAGEN PCR purification kit to remove 
unincorporated nucleotides and primers. The purified DNA fragment has comparable 
purity as the same DNA sequence purified using an ion-exchange HPLC approach.  
Two types of fluorescently labeled DNAs, i.e., a FAM-labeled and a FAM-TAMRA 
dual-labeled DNA, are prepared in this study. The fluorescence labeling efficiencies 
of the purified sample are characterized using their absorption spectrums. The 
labeling efficiency of a TAMRA dye to a DNA fragment is found to be around 99% 





using a 10% polyacrylamide gel with 0.5xTBE buffer at room temperature (Fig.3.8.1 
in the Supporting Materials, section 3.8).  
DNA cytosine methylation is introduced to all the CpG sites flanking the 
DNA sequence by a methyltransferase reaction. A CpG methyltransferase, i.e. M.SssI 
(New England Biolabs, Ipswich, MA), is used in this study. The reaction buffer 
contains 10 mM Tris-HCl, pH 7.9, 50 mM NaCl, 1 mM DTT, 10 mM MgCl2 and 
160μM SAM. The reaction is carried out at 37 ̊C overnight. The methyltransferase is 
then deactivated by heating to 65 ̊C for 20 minutes and removed using phenol. The 
completion of the methylation reaction is verified using BstUI restriction enzyme, 
whose cleavage ability is blocked by CpG methylation. A typical BstUI digestion 
pattern of the prepared DNA fragments is shown in Fig.3.1. The methylation reaction 
does not affect the labeling efficiency of the conjugated fluorescence dyes, as verified 
using absorption spectrums. The methylated DNA fragments exhibit complete 
resistance to BstUI digestion suggesting that all CpG sites of DNA are completely 
methylated. The completely methylated DNA fragments are later reconstituted into a 
nucleosome. Unmethylated and methylated DNA templates are prepared multiple 








Figure 3.1 BstUI digestion pattern of different DNA fragments. Lane 1: PCR 
synthesized DNA fragments; Lane 2: DNA fragments reacted with M.SssI for 2hrs; 
Lane 3: DNA fragments reacted with M.SssI for 1hr; and Lane 4 and 5: control lanes. 
 
Histone octamers are refolded using four types of recombinant Xenopus laevis 
histone proteins, i.e., H2A, H2B, H3 and H4. These four types of proteins are 
individually expressed and purified using an established protocol, as described in 
previous literature.62 The four types of histone proteins are then mixed at a 
stoichiometric ratio and refolded into an octamer complex. The refolded histone 
octamers are purified and then mixed with the appropriately labeled DNA fragments 
to reconstitute a nucleosome core particle (NCP) using a salt gradient.  All 
nucleosomes are incubated at 40 ̊C for 2 hours to facilitate the positioning of a histone 
octamer on the central location of the DNA template.62 The quality of each 
reconstituted sample is examined using 5% (Fig.3.2) and 8% (Fig.3.8.2 in the 
Supporting Materials, section 3.8) polyacrylamide gels. The polyacrylamide gels are 
run in 0.25xTBE buffer at 4oC. These polyacrylamide gels are commonly used to 
resolve multiple translational settings of nucleosomes.62,73 Due to the strong 





exhibit a single band on both polyacrylamide gels, suggesting that the formed 
nucleosome assumes a single DNA translational setting. During the assembly of a 
nucleosome particle, we also adjust the stoichiometric ratio between DNA and 
histone octamer to eliminate the existence of unbound DNA fragments (free DNA) in 
the nucleosome sample. Unbound DNA fragments are not observed in our PAGE 





Figure 3.2  A typical 5% polyacrylamide gel of DNA and reconstituted nucleosomes. 
Lanes 1-3: Reconstituted nucleosomes; lane 4-8: 157bp DNA fragments. da: dual 
labeled sample. d: FAM-only labeled sample. The gel was run for 3 hours in 0.25X 
TBE buffer at 4  ̊C and 150V.  
 
We also monitor the solubility of nucleosomes under various salt 
concentrations being explored in this study using a sedimentation assay similar as 
described in Ref. 74. Nucleosomes remain largely soluble within the various salt 





3.3.2 Time-domain fluorescence lifetime measurements 
Time-domain fluorescence measurement is a widely used spectroscopy 
approach to explore the structure and dynamics of biological molecules.75–77 
Compared with steady-state experiments, time domain measurements are more 
informative by providing more insights as to the subpopulation of fluorescence 
species that coexist in the sample. The time-resolved fluorescence decay curve can 
routinely resolve the relative intensity of two fluorescent species (see the Supporting 
Materials, section 3.8). In this case, it can provide us detailed information about the 
breathing of DNA ends entering and exiting a histone octamer surface, which 
accounts for the dynamic feature of a nucleosome (Fig.3.3). Although this approach 
cannot provide details of individual molecules as a single-molecule experiment, it can 
be performed at relatively high nucleosome concentrations, which prevents the 
occurrence of dilution-induced nucleosome dissociation events.78,79 
 
 
Figure 3.3 Schematic drawing of the DNA “breathing” motion and dimer 






Time domain fluorescence decay curves are collected using fluorescently 
labeled nucleosome samples. The sample concentration is kept above 1 μM by 
titrating in unlabelled nucleosomes (reconstituted in vitro using recombinant histone 
proteins). The sample integrity during the fluorescence measurements is monitored by 
a 5% polyacrylamide gel. All time-domain fluorescence decay curves are collected at 
room temperature with a ChronosBH lifetime spectrometer (ISS, Champaign, IL). 
The samples are excited with 440 nm, 20 MHz laser pulses. A narrow emission filter 
(505-545 nm) is applied to separate the donor dye fluorescence emission from the 
direct excitation beam as well as to prevent collection of fluorescence emission from 
the acceptor dye.  The decay curve is calculated using the equipped time-correlated 
single photon counting card.  The decay curves are analyzed using the Vinci 
Fluorescence Spectroscopy Analysis software (ISS, Champaign, IL). The detailed 
equation used to analyze the decay curves (I(t)) is listed in Eq.3.1.  
𝐼(𝑡) = ∑ 𝛼𝑖exp (− 𝑡𝜏𝑖)𝑛𝑖=1   (Eq.3.1) 
In this expression, I is the collected decay curves decoupled with the 
instrument response function, 𝜏𝑖 is the decay time, 𝛼𝑖 represents the amplitudes of 
each component at time t = 0, and n is the number of decay times.80,81 The value of n 
is dependent on the number of distinctive fluorescence species that coexist in the 
sample (the detailed approach to identify n is included in the Supporting Materials, 
section 3.8). Besides the multiple-component model as shown in Eq.3.1, a 
fluorescence decay curve can also be analyzed using a distribution function. However, 





existing single-molecule experimental evidence suggesting that a nucleosome can 
assume a close and a compact state as illustrated in Fig.3.3.70–72,82  
The fluorescence decay curves of both the donor-only and the donor-acceptor 
labeled nucleosomes are collected in this study. Typical time-domain fluorescence 
decay curves collected using nucleosome samples containing either a donor molecule 
or a FRET pair are presented in the Supporting Materials (Fig.3.8.3). The 
fluorescence lifetime of the donor (FAM) molecules collected in the absence (𝜏𝑑) and 
the presence (𝜏𝑑𝑎) of acceptor molecules (TAMRA) can be obtained from model 
analysis. These two values can provide the detailed spatial information about the ends 




)6 = 1 − 𝜏𝑑𝑎𝜏𝑑   (Eq.3.2) 
In this expression E is the energy transfer efficiency, r is the distance between 
the donor and the acceptor labels, i.e., the distance between the DNA entry/exit sites 
to a nucleosome, and R0 is the Förster distance, which corresponds to 50Å based on 
the calibration experiments performed using a short 17bp DNA fragment and 
theoretical calculations (Supporting Materials, Fig.3.8.4).83 Different ionic strengths 
do not affect the Förster distance, as monitored by anisotropy and Förster distance 
calibration experiments (Fig.3.8.5-3.8.10 in the Supporting Materials).  
3.4 Results 
3.4.1 Reconstituted nucleosomes exhibit significant DNA “breathing” motion under 
physiological conditions  
It has been long postulated that a nucleosome will assume a dynamic structure 





DNA ends that enter and exit a nucleosome structure assume different spatial 
organizations. This type of variation in nucleosome conformation is commonly 
known as the DNA “breathing” motion and has been previously reported in both 
steady-state and single-molecule experiments.70–72,82 Time-domain fluorescence 
spectroscopy is capable of revealing the subpopulations of different fluorescence 
species and can be performed at relatively high concentrations (μM) so that 
nucleosomes retain the same dynamic features as under a typical cell nucleus 
condition. The analysis of the time-domain fluorescence decay curves of our study 
unambiguously suggests the existence of the DNA breathing motions (Fig.3.3) over a 
broad range of salt concentrations. 
Fig.3.4 illustrates a typical time-domain fluorescence decay curve collected 
using a nucleosome sample containing both donor and acceptor labels. The decay 
curves are consistently better fitted using a two-component model, which suggests the 
existence of two distinctive fluorescence species. The χ2 values of one- and two-
component fitting are found to be 4.82 and 1.02 respectively. The two nucleosomal 
conformations observed in this study have DNA end-to-end distances that vary by 
>25Å.  This distance variation, if arising from different DNA translational settings, 
requires at least 10bp shifting in histone octamer location, which should be shown as 
a second band on an 8% native polyacrylamide gel. The reconstituted nucleosome 
only exhibits a single band on the polyacrylamide gel as shown in Fig.3.2 and 
Fig.3.8.2. Furthermore, the nucleosome samples do not contain any free DNA. 
Combining all of these, we expect that the two fluorescence species we observed in 





in the measured samples.  These two conformations are expected to reflect the 
dynamic structural feature of a nucleosome, i.e., DNA breathing motions as 
illustrated in Fig.3.3, while the relative abundance of these two conformations reveals 
the equilibrium between the two nucleosomal states, i.e., the compact and the open 
state of a nucleosome. 
Based on the measured fluorescence lifetime, we can quantify the distance 
between DNA ends using their individual energy transfer efficiencies. The two 
distinctive distances observed under low salt concentrations are summarized in 
Fig.3.5. At 120mM KCl, the DNA end-to-end distance of a nucleosome in compact 
and open state is found to 45Å and 65Å respectively. Comparing with the DNA end-
to-end distance measured within a crystal structure (49Å, PDB 1ZBB), we find that 
the distance of the compact conformation (45Å) is close to the one measured in the 
crystal structure. The open-state of a nucleosome, primarily due to DNA end 
breathing motion, cannot be observed in a crystal structure due to the close packing of 
molecules within the crystal lattice. The average DNA-end-to-end distance that we 
report here (53Å) is comparable or slightly smaller than the average DNA end-to-end 
distance values reported in literature.84 The variation in DNA end-to-end distance 
between a compact and an open nucleosome conformation is around 20~30Å for 
nucleosomes reconstituted using both unmethylated and methylated DNA. This 
suggests that roughly eight to twelve DNA base pairs are involved in the temporary 
binding and unbinding to a histone octamer surface either on one linker DNA or 
distributed between both linker DNAs. The fraction (f1) corresponds to the relative 





be used to measure the equilibrium of the DNA breathing motion. Nucleosomes with 
different DNA methylation level exhibit similar two-state conformations originating 
from the DNA “breathing” motion. 
 
Figure 3.4  A typical time-domain fluorescence decay curve collected using dual-
labeled nucleosome samples. The curvy residual pattern from the one-component 
fitting indicates the existence of a secondary fluorescence species in the sample. The 
values of χ2 in one-component and two-component fitting are 4.82 and 1.02 
respectively. The one-component fitting gives a single lifetime (τ) of 2.62ns. The two-
component fitting gives two lifetimes of 1.52ns (τ1) and 3.50 (τ2), and a fraction of the 
short lifetime (f1) at 0.432. Open circles: experimental data; solid line: one-






Figure 3.5  The distances between DNA ends enter/exiting a nucleosome (d1: 
compact nucleosome; d2: open nucleosome) measured under (a) 10mM and (b) 120 
mM KCl concentrations. (c) The fraction of the compact nucleosome within the 
whole nucleosome population. Data points: mean ± 1σ, n=21. * represents p-value < 
0.02, # represents p-value < 0.002. Solid bars: unmethylated nucleosomes and 
patterned bars: methylated nucleosomes.  
 
3.4.2 The effect of monovalent counterions on the DNA breathing and nucleosome 
dissociation dynamics 
The dynamic feature of nucleosomes, i.e., partial and full dissociation of DNA 
from the histone octamer surface, is closely related to many cellular events that 
require the participation of DNA fragments. One of the major forces that stabilize a 
nucleosome is the electrostatic interaction. Modulating the buffer ionic strength is, 
therefore, expected to affect the nucleosome stability and reveal the dynamic behavior 
of nucleosomes when they participate in different enzymatic reactions such as 







Fig.3.6 summarizes the dependence of nucleosome conformations under 
different ionic strengths, adjusted by different potassium chloride concentrations. 
Fig.3.6(a) describes the dependence of the averaged fluorescence lifetime calculated 
based on the fraction-weighted fluorescence lifetimes. With increasing ionic strengths, 
the average fluorescence lifetimes of dual-labeled nucleosomes increase. This trend 
indicates that nucleosomes assume a less compact conformation with two DNA ends 
further away from each other. A detailed analysis of the respective compact and open 
conformations further reveals the structural details of the dynamic nucleosome 
conformations, as illustrated in Fig.3.6(b) and 3.6(c). At low ionic strength, i.e., [KCl] 
< 200 mM, the DNA end-to-end distances corresponding to two different 
conformations, remain almost independent of salt concentrations. The fraction of the 
compact nucleosomes fluctuates within this concentration range, as suggested in 
Fig.3.6(c). The slight increase in compact nucleosome population as observed on the 
left-most part of this concentration range originates from the surface charge 
neutralization due to increasing counterion concentrations.  The equilibrium constant 
between these two conformations can be calculated using Eq.3.3, where f1 is the 
fraction of the compact nucleosomes. 







Figure 3.6  The effect of different monovalent counterion on (a) the fraction 
weighted averaged fluorescence lifetime, (b) the DNA end-to-end distances of the 
compact and the open nucleosome conformation, (c) the fraction of the compact 
nucleosome, and (d) the equilibrium constant between the open and the compact 
nucleosome conformation. All KCl concentrations are in mM. DNA starts to 
dissociate from the nucleosome complex in the dotted regions. Data points: mean ± 
1σ, n=21. * represents p-value < 0.02, # represents p-value < 0.002. 
 
These calculated apparent equilibrium constants are plotted versus salt 
concentrations, as in Fig.3.6(d). Similar to the fraction numbers, the equilibrium 
constant remains almost a constant at low salt concentrations. The predominant 





nucleosome complex remains stable without any significant protein or DNA 
dissociation, agreeing with previous nucleosome dynamic studies.82,85 
As salt concentration increases further, the accumulation of K+ counterions 
starts to screen out the attraction forces that hold a nucleosome together. As a result, 
the averaged fluorescence lifetime of the nucleosome sample starts to increase at salt 
concentrations above 200 mM. This salt concentration is similar to the previously 
reported value of the on-set of temporary H2A-H2B dimer dissociation from a histone 
octamer interface.85 The compact conformation remains unaffected within these 
moderately high salt concentrations. The open nucleosome conformation, on the other 
hand, shows that the DNA ends move further away from each other. Meanwhile, the 
relative abundance of compact nucleosomes gradually decreases, and the apparent 
equilibrium constant measured between the compact and the open nucleosome 
conformation increases abruptly with increasing salt concentrations.  
As salt concentration increases further to above 600 mM, nucleosome 
destablization becomes apparent. DNA end breathing, H2A-H2B dimer dissociation 
and DNA dissociation can happen simultaneously. The detailed analysis of each 
individual nucleosome conformation is therefore rendered infeasible using current 
experimental technique. Since this concentration deviates significantly from 
physiological conditions, the related nucleosome dynamics will not be discussed in 
this paper.  
Based on the above observations, the nucleosome exhibits distinctive 
conformational fluctuations at low to medium ionic strength. DNA breathing motion 





increases further, the apparent equilibrium constants exhibit a distinctive transition, 
indicating the onset of a different dynamic behavior in nucleosomes. Existing 
knowledge of nucleosome stability under different ionic strengths indicates that 
conformational transitions related to dimer destabilization start at monovalent 
concentrations just above 200mM.85 Similar transition is observed in our data, at 
around 200 mM KCl, the initiation of the temporary dissociation of H2A-H2B dimer 
from a nucleosome complex occurs.  
Although the unmethylated and the methylated samples deviate from each 
other in their detailed conformations during the disassembling process, the general 
dissociation pathways remain similar to each other.  
3.4.3 The effect of Mg2+ ions on the conformational dynamics of a nucleosome 
Divalent counterions, e.g., Mg2+ are commonly used to induce the 
compactness of nucleosomes and nucleosome arrays.86,87 High Mg2+ concentration 
above 5 mM is known to promote the self-association of nucleosomes and lead to the 
formation of nucleosome aggregates. However, there is few literature evidences 
examining the role of divalent counterions on the dynamics of a nucleosome. This 
paper will therefore primarily quantify the effects of low Mg2+ concentration (< 2 
mM) on the DNA breathing dynamics as observed at low ionic strength.  
The existence of a low concentration of Mg2+ lowers the measured averaged 
fluorescence lifetime, as illustrated in Fig.3.7. It indicates that the nucleosomes 
assume more compact conformations with an excessive amount of Mg2+ counterions. 
Detailed analysis of the two nucleosomal subpopulations further reveals that the 





concentrations.  The existence of divalent counterions brings the two labeled DNA 
ends closer to each other by around 5Å. The compaction saturates around 1mM, and 
the compact nucleosomes assume a steady conformation thereafter. A similar trend is 
observed for the fraction (f1) of the compact nucleosomes. The open nucleosome 
conformation, on the other hand, remains unaffected. However, as the divalent 
counterion concentration further increases, its ionic effect will dominate and an 
increase in the end-to-end distance of the open nucleosome conformation is observed 
at MgCl2 concentrations above 1.5 mM. Similar effects of Mg2+ are observed for both 
unmethylated and methylated nucleosomes.  
 
Figure 3.7  The effect of different divalent counterion on (a) the fraction weighted 
averaged fluorescence lifetime, (b) the DNA end-to-end distances of the compact and 
the open nucleosome conformation, and (c) the fraction of the compact nucleosome 
(the averaged fraction of the unmethylated and  methylated samples are statistically 
different from each other with p-value <0.05 up to [MgCl2]=0.5mM using a t-test). 








3.4.4 The effect of a methyl-group donor (SAM) on nucleosome dynamics 
S-Adenosyl methionine (SAM) is a common methyl donor used in all de novo 
methyltransferase reactions. Besides participating in the enzymatic reactions, this 
molecule also behaves as a poly-counterion under physiological conditions. The 
concentration of SAM molecules is conventionally used as a methylation index in the 
cell environment, suggesting the on and off state of chromatin.88 However, how the 
local enrichment of this methyl donor molecule can directly affect the conformation 
and dynamic of nucleosomes has not been well characterized. In this study, we 
evaluate the conformational transitions of fluorescently labeled nucleosome particles 
under different SAM concentrations. The results are summarized in Fig.3.8.  
 
Figure 3.8  The effect of different SAM concentrations on (a) the fraction of the 
compact nucleosome state (the fractions of the unmethylated and methylated samples 
are statistically different from each other with p-value<0.02 using a t-test), and (b) the 
conformations of the two nucleosomal states. Data points: mean ± 1σ, nunmet=28, 






SAM concentration in a typical cell nucleus environment can vary from 10 
μM to several hundreds of micromolars. A typical in vitro DNA methylation requires 
the presence of SAM molecules at a concentration around 160 μM. Under similar or 
even lower SAM concentrations, we observed that the nucleosome conformation 
undergoes a compaction process, resulting from the presence of excessive SAM 
molecules. Existence of SAM molecules promotes the prevalence of the compact 
nucleosome conformation. Meanwhile, the compact conformation further closes, with 
the two DNA ends getting closer to each other. This phenomenon is similar to the 
previously observed effects of divalent counterions (Mg2+). Surprisingly, the presence 
of methyl donor molecules by itself can affect the compaction of nucleosomes.  
Unmethylated and methylated nucleosomes show similar compaction trend 
under the SAM gradient.  
3.5 Discussion 
3.5.1 Dynamics of nucleosomes under different buffer conditions 
The initiation of a DNA transcription event relies on the dynamic nature of a 
nucleosome assembly. Understanding the stability of a nucleosome under different 
buffer conditions, therefore, constitutes the first step to unraveling the mechanism of 
gene expression.  
The dynamic features of a nucleosome have been studied previously using 
steady-state and single-molecule fluorescence experiments.26,70–72,82,85 The 
fluorescence lifetime spectroscopy used in this study is unique in its capability of 
resolving the existence of multiple fluorescence species at a relatively high 





the existence of two nucleosome conformations in equilibrium, covering a broad 
range of salt concentrations, including the physiological condition. At low salt 
concentrations, the co-existence of an open and a compact conformation of a 
nucleosome is believed to originate from the breathing motion of DNA ends. This 
dynamic feature makes the nucleosomal DNA sequence more accessible and 
generates kinetic binding sites for external protein factors. The equilibrium between 
these two conformations can be affected by different buffer compositions, suggesting 
that chromatin compactness can be further modulated by the activity of counterions 
and small molecules transported across the nuclear membrane.  
To gain more insights on the thermodynamic feature of these two 
conformations, we calculate the apparent equilibrium constants between the open and 
the compact conformation. The apparent equilibrium constants obtained at low salt 
concentrations fluctuate around a constant value (1.1 and 1.3 for unmethylated and 
methylated samples, respectively) and shows a weak dependence on the salt 
concentrations, as shown in Fig.3.9(a). The slightly curved feature at low ionic 
strength reflects the initial charge neutralization due to the presence of excessive 
amounts of counterions followed by the electrostatic screening that compromises the 
attraction forces between DNA ends and a histone octamer surface. Within these low 
salt concentrations, the histone octamer remains almost intact.85,89 The transient 
peeling off of DNA end fragments from a histone octamer surface, therefore, 
dominates the dynamic motion observed in this concentration range. The variations of 





conformations indicate that there are a few DNA bases (~8-12 bp) contributing to the 
DNA end breathing motions.  
 
 
Figure 3.9  The equilibrium constants of (a) the DNA breathing motion and (b) the 
dimer destabilization fitted using linear functions. 
 
Two possible DNA breathing motion mechanisms can account for the open 
state of the nucleosomes, as indicated in Fig.3.3. In those mechanisms, the DNA ends 
can peel off the histone octamer surface in a symmetric or asymmetric way similar as 
suggested in previous works.82,90–92 Our current labeling scheme cannot differentiate 
between symmetric or asymmetric unwrapping. However, the conformational and 
thermodynamic comparison between the unmethylated and methylated samples 
should still be valid.  
Introducing CpG methylation to 13 distinctive CpG sites on the DNA 
backbone can affect the equilibrium constants between these two states. The 





apparent equilibrium constant within low salt concentration range, are found to be 1.1 
± 0.1 and 1.3 ± 0.1 for unmethylated and methylated nucleosomes, respectively. The 
difference between these equilibrium constants is ~20%.  A t-test for comparison of 
means showed that these equilibrium constants are statistically different from each 
other at 99.9% confidence level.  
Single molecule experiments have shown that at low salt concentrations the 
equilibrium constant, calculated as  Keq = [open nucleosome]/[compact nucleosome] 
similar as we defined in this study, can vary between 0.1 and 1.45.70,72 The broad 
range of equilibrium constants arises from nucleosome dissociation due to low 
sample concentrations used in single-molecule experiments. In bulk experiments, i.e., 
steady state fluorescence, the equilibrium constant values are reported to be in the 
order of 0.1.82 However, these experiments are based on an important assumption that 
at low salt concentration, i.e., 10mM, the nucleosome assumes a fully compact 
conformation without any DNA end breathing (Keq,10mM = 0).82 This assumption is not 
supported by our experimental findings in this study. The equilibrium constants that 
we report in this study agree well with the findings of single molecule experiments.  
With further increasing ionic strength, the apparent equilibrium constants 
exhibit an abrupt transition, and the relative ratio of the open conformation starts to 
increase. Meanwhile, the distances between the two ends of the open conformation 
become even larger. This transition is observed at salt concentrations of around 200-
250 mM similar as observed before.85 It suggests the onset of new dynamic behaviors 
of nucleosomes within this concentration region. Different from the observation at 





dependence on salt concentrations. This new dynamic feature can be captured by 
decoupling the effects of DNA breathing motion from the measured apparent 
equilibrium constant. The equilibrium constant of the DNA breathing motion remains 
relatively independent of salt concentrations, and is, therefore, considered as a 
constant. This new equilibrium constant (Kd) associated with further dissociation of a 
nucleosome (as illustrated in Fig.3.3), can be calculated using Eq.3.4, as below: 
𝐾𝑑 = 𝐾𝑒,𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡𝐾𝑏 − 1  (Eq.3.4) 
The calculated dissociation constants exhibit a power law dependence on the 
salt concentrations, as illustrated in Fig.3.9(b). The slope of the linear fitting function 
can be used to reveal the number of ion pairs that are involved in this dissociation 
process.85,93 The number of ion pairs found for unmethylated and methylated 
nucleosomes are 4.2 ±0.2 and 4.4 ±0.3, respectively. These numbers are consistent 
with the number of ion pairs that have been previously reported to be associated with 
histone H2A-H2B dimer destabilization.85 The observed open nucleosome 
conformation is expected to include contributions from both the DNA end breathing 
and the histone H2A-H2B dimer dissociation. The octamer stability, H2A-H2B dimer 
partial dissociation in particular, is most likely to dominate the nucleosome dynamics 
at this moderately high ionic strength. DNA methylation does not affect H2A-H2B 
dimer destablization. 
As salt concentrations increase further (> 600 mM), in addition to the already 
observed dynamic features, H2A-H2B dimer will start to dissociate from the 
nucleosome complex, and DNA will start to peel off from a histone octamer surface. 





which will be impractical to differentiate using time-domain fluorescence 
spectroscopy. The high ionic strength bears little similarity to in vivo conditions; it 
will therefore not be discussed in this paper.  
The presence of divalent counterions can bridge the interactions between 
DNA molecules, in addition to affecting the ionic strength of the solution.94,95 In this 
study, the presence of Mg2+ has been shown to affect the equilibrium between the two 
nucleosome conformations originating from the DNA breathing motion. It favors the 
formation of compact nucleosomes by restraining the DNA end breathing motion. 
Furthermore, the presence of the divalent counterion leads to a tighter nucleosome 
conformation.  This more compact structure potentially originates from the attractive 
forces between spatially close DNA fragments mediated by Mg2+ counterions.95The 
compaction process leads to the orientational change of the DNA end segments and is 
expected to be reflected in the spatial arrangement of linker DNA fragments within a 
chromatin structure. This finding suggests that divalent counterions, i.e., Mg2+, can 
affect chromatin folding by modulating the detailed nucleosome conformation in 
addition to bridging the interactions between neighboring nucleosomes.  
3.5.2 The effect of DNA methylation on the conformation and stability of a 
nucleosome  
It has long been postulated that DNA methylation might be able to lead 
directly to the compaction of a chromatin fiber, without help from DNA-methylation-
specific binding proteins. However, the current experimental evidence has been 





Our results, obtained using nucleosomes with methylated and unmethylated 
Widom-601 DNA sequence suggest that the presence of DNA methylation does not 
directly compact a nucleosome. Instead, it leads to the prevalence of a more open 
nucleosome structure. The same results have been observed using steady-state and 
time-resolved fluorescence measurements with a different fluorescence labeling 
strategy (Fig.3.8.11 in the Supporting Materials). Detailed analysis of the nucleosome 
conformations near physiological conditions reveals that the nucleosome 
reconstituted on a methylated DNA assumes a looser, more “open” conformation, as 
compared with the unmethylated one. The two nucleosomal conformations (compact 
and open conformation) that coexist in equilibrium show different dependence on 
DNA methylation level. The compact nucleosome is unaffected by the prevalence of 
methyl groups on the DNA. The open nucleosome conformation, on the other hand, 
exhibits differences. These differences persist within a broad range of monovalent salt 
concentrations. The significance of the observed difference between unmethylated 
and methylated samples is tested using unpaired t-test with equal variances. The 
calculated p-values of nucleosomal features exhibiting dependence on DNA 
methylation level are reported in the captions of Fig.3.5-3.7. 
DNA methylation level also affects the dynamic feature of a nucleosome 
particularly at low monovalent salt concentrations. Nucleosomes with methylated 
DNA backbones exhibit enhanced DNA end breathing motion (Kb =1.3 ± 0.1) as 
compared with unmethylated ones (Kb =1.1 ± 0.1).  In other words, the DNA 
sequences located within a methylated nucleosome tends to be 20% more accessible 





entering/existing a nucleosome. Since a chromatin fiber consists of hundreds of 
thousands of nucleosomes, we expect that small changes observed at the nucleosome 
level can be enhanced at the level of chromatin fiber and become more relevant to 
different biological processes. 
The presence of DNA methylation level, however does not affect the stability 
of histone octamer. The destablization of nucleosomes at high monovalent salt 
concentrations (>200mM), due to H2A-H2B dissociation, occurs at the same salt 
concentration with similar strength independent of DNA methylation level.  
Similarly, methylated nucleosomes exhibit a less compact conformation at 
low Mg2+ concentrations. However, as divalent concentration increases, the 
difference between the unmethylated and the methylated nucleosome samples 
completely diminishes, and these two types of nucleosomes behave similarly both 
structurally (the open and the compact conformation) and dynamically (the apparent 
equilibrium constant).  
Unexpectedly, these observations suggest that the presence of DNA 
methylation can enhance the DNA breathing motion and cause more DNA 
nucleotides to be involved in this transient opening-up of the compact nucleosome 
structure. This difference is likely to arise from the different DNA stiffness that is 
determined by DNA methylation patterns. With extensive cytosine methylation, the 
DNA backbone is known to assume decreased bending flexibility32 and therefore has 
to overcome larger energetic barriers to comply with the surface curvature of a 
histone octamer. As a result, the formed nucleosome is less thermodynamically stable 





observed in this study. The reduction in DNA flexibility originates largely from the 
spatial confinement between neighboring bases. The existence of divalent cations can 
bridge the intramolecular contacts and enhance the elastic properties of a DNA 
strand.96 High Mg2+ concentrations are therefore capable of mitigating the 
confinement in molecular contacts introduced by methyl groups. It also explains our 
experimental observation that the structural and dynamic differences between 
differently methylated DNA templates diminish at high Mg2+ concentrations.  
These findings suggest that DNA methylation does not directly facilitate the 
compaction of a chromatin fiber at the nucleosomal level. The different 
conformations observed for unmethylated and methylated nucleosome at low ionic 
strengths can potentially change the linker DNA entry-exit angle and lead to the 
change of orientation of neighboring nucleosomes and affect the overall compactness 
of a chromatin fiber. Additionally, the observed enhanced DNA breathing motion of 
methylated nucleosome can potentially facilitate the binding of DNA methylation-
specific proteins, e.g., MeCP2, on the DNA fragments entering/existing a nucleosome. 
This enhanced binding event can facilitate the recruitment of other protein factors, 
e.g., MeCP2, that synergistically accelerate the chromatin compaction process. 
The DNA sequence used in this study, i.e., the Widom 601 sequence, is the 
DNA sequence with the highest known binding affinity to a histone octamer surface. 
A similar trend, i.e., a larger distance between DNA ends favoring open nucleosome 
conformation with increasing DNA methylation level, is also observed in 





effects of DNA methylation on nucleosome structure is therefore expected to be 
representative of the general role of DNA methylation. 
3.5.3 Nucleosome dynamics during a typical DNA methylation reaction 
A de novo DNA methylation pattern is introduced to genomic DNA using 
various types of DNA methyltransferase. Independent of DNA methyltransferase type, 
all methylation reactions require a universal methyl donor, S-Adenosyl methionine 
(SAM), as a co-factor.  This study reveals that the simple presence of SAM molecules 
can have a significant effect on the observed conformation and thermodynamics of 
nucleosomes. Due to the zwitterionic nature of SAM, SAM molecules facilitate the 
compaction of a nucleosome and suppress the DNA breathing motion. These 
observations can explain the previously reported nucleosome compaction when 
undergoing an in vitro DNA methylation reaction as reported by Choy et.al..26 The 
nucleosomes with unmethylated and methylated DNA respond similarly to increasing 
SAM concentrations. Throughout the SAM concentration explored in this study, 
methylated nucleosomes assume a less compact conformation. This unexpected role 
of SAM molecules in nucleosome dynamics suggests that small molecules present in 
the cell nucleus, e.g., Mg2+ and SAM, can potentially modulate nucleosome 
conformations by different concentration gradients.  
3.6 Conclusion 
In summary, our data suggests that a nucleosome assumes a dynamic structure 
under the physiological condition. The DNA breathing motion dominates under low 
ionic strengths, followed by dimer destabilization similar as suggested in literature.85 





DNA template is found to slightly open the nucleosome structure and enhance the 
DNA breathing motion. However, the difference between unmethylated and 
methylated nucleosomes diminishes with increasing concentration of Mg2+. The 
existence of Mg2+, as well as SAM molecules, facilitates the compaction of 
nucleosomes and suppresses the DNA breathing motion. Furthermore, being the 
essential cofactor required in DNA methylation reactions, this surprising role of SAM 
molecules in nucleosome stability can potentially shed light in understanding DNA 
methylation-mediated gene silencing and the cross-talk between DNA methylation 
and histone methylation modifications. Our results suggest that DNA methylation 
alone does not compact a chromatin at nucleosome level, but may modulate 
chromatin compaction via the change of linker DNA entry/exit angle and modulate 
the nucleosome accessibility to DNA-methylation specific proteins. 
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3.8 Supporting material 
3.8.1 Fluorescence labeling efficiency 
The TAMRA labeling efficiency of a DNA fragment can be calculated as the ratio 
of TAMRA dye and DNA concentrations using Eq.3.8.1 and Eq.3.8.2.97 [𝐷𝑦𝑒] = 𝐴558 𝜀𝑇𝐴𝑀𝑅𝐴,558⁄   (Eq.3.8.1) [𝐷𝑁𝐴] = 𝐴260−[𝐷𝑦𝑒]𝜀𝑇𝐴𝑀𝑅𝐴,260
𝜀𝐷𝑁𝐴,260     (Eq.3.8.2) 
in which, 
Awavelength: the absorption of a labeled sample at a given wavelength; 
εTAMRA,wavelength: the extinction coefficient of TAMRA at a given wavelength, i.e., 
εTAMRA,558 = 91000 M-1cm-1 and εTAMRA,260 = 29100 M-1cm-1;98  
εDNA,260: the extinction coefficient of a double-stranded DNA 
The TAMRA labeling efficiency is determined using DNA samples with only 
TAMRA labels. The TAMRA labeling efficiency of unmethylated and methylated 
DNA is calculated to be both larger than 99%.  
3.8.2 Analysis approach of time-domain fluorescence decay curves 
For each measurement, we obtain a fluorescence decay curve which is then 
analyzed to reveal the number of distinctive fluorescence species (n) and their 
respective fluorescence lifetimes (τi). The number of fluorescence species (n) is 
determined using the following approach. For each decay curve, we start with a one-
species model. If the model correctly captures the data trend, the fitting results will 
yield a χ2 value close to 1.0 and residuals randomly distributed around zero. A poor 
fitting model, on the other hand, will result in χ2 >>1 and a distinguishable pattern in 





using a two-species model. These steps will be repeated iteratively. By judging the 
quality of our fitting results, we will determine n as the minimum number of 
fluorescence species essential to fit the fluorescence decay curve. For example, if two 
fluorescence species coexist in the sample, increasing n from 2 to 3 will not improve 
the fitting quality and we will take n as 2.   The aforementioned analysis approach is 
commonly used to determine n of a typical fluorescence decay curve. The lifetime of 
each distinctive fluorescence species can be obtained using Eq.3.1 by fixing n.  
To verify the feasibility of utilizing time-domain fluorescence spectroscopy to 
distinguish multiple fluorescence species, we prepared an equimolar mixture of two 
distinctive fluorescence species with known lifetime and collected its corresponding 
fluorescence decay curve. These two species were fluorescently labeled DNA 
fragments (A and B) with a lifetime of τA = 3.59 ± 0.01 ns and τB = 2.67 ± 0.01 ns as 
measured independently. The decay curve of the mixture was analyzed as described 
before. The one component fitting model gave a single lifetime (τ) of 3.17 ±0.01 ns 
(with a χ2 of 1.53 and non-randomly distributed residuals). The two component fitting 
gave two lifetimes, τ1 and τ2, of 3.74 ± 0.06 ns and 2.56 ± 0.06 ns, and a fraction of 
species A as 0.54 ± 0.04 (with a χ2 of 0.97 and randomly distributed residuals around 
zero). This experiment verified the feasibility of using time-domain fluorescence 
decay curves to resolve distinctive fluorescence species that coexist in a sample. 
The fluorescence decay curves of our nucleosomes labeled with FAM and 
TAMRA at the DNA ends are consistently best fitted using a two-component model, 
which indicates the existence of two distinctive fluorescence species. The fitting 





used to calculate the DNA end-to-end distance in nucleosomes and the corresponding 
equilibrium constants between the two nucleosome conformations. The lifetimes and 
the fractions are coupled with each other in the fitting model. The experimental error 
bars reported in our data are standard deviations of multiple experimental readouts. 
The error bars reported in this study are typical to a time-domain fluorescence 
experiment. We perform multiple batches of DNA preparation, nucleosome 
reconstitutions and fluorescence measurements to increase our sample size and verify 
the statistical significance of our findings. For the results presented in Fig.3.5-Fig.3.7, 
we conduct statistical analysis (unpaired t-test with equal variances) to examine the 
significance of our measured datasets. The p-values are reported in the figure captions. 
3.8.3 Anisotropy measurements 
Time-domain anisotropy decay curves of FAM labeled nucleosomes were 
collected using a ChronosBH lifetime spectrophotometer (ISS, Champaign, IL). The 
steady state anisotropy of TAMRA or FAM labeled nucleosomes was measured using 
a SpectraMax M5 Microplate Reader (Molecular Devices, Sunnyvale, CA).  The 
experiments were performed under various salt type and different salt concentrations 
and the results are summarized in Figs.3.8.5-3.8.10.  
The anisotropy values of both FAM and TAMRA dye exhibit no dependence on 
the type or the concentration of salt. The measured anisotropy values are consistently 
lower than 0.25. The estimated distance using energy transfer efficiency is therefore 





3.8.4 Förster distance (R0) calibration 
We monitor the Förster distance (R0) of the specific dye pair, i.e., FAM-
TAMRA, using a short DNA fragment. Specifically, we utilize PAGE purified 17bp 
dsDNA fragments (CGGACTCCAGGTCACCC) with appropriate fluorescence 
labels.  This short DNA fragment behaves as a rigid rod with a fixed end-to-end 
distance, c.a., 60Å (calculated as 17bp×3.4Å/bp + 2.5Å due to dye labeling100) under 
different ionic strengths. The energy transfer efficiency is calculated using the 
fluorescence lifetime of the FAM-only and the dual-labeled DNA samples. The 
values of R0 under various salt concentrations can be calibrated and are shown in 
Fig.3.8.4. The calculated Förster distance exhibits no dependence on the salt 
concentration.  
The R0 value was also calculated using the spectral properties of the donor 
and the acceptor molecules using Eq.3.8.3101:   
𝑅0
6 = 9000 (ln 10)𝜅2𝑄𝐷
128𝜋5𝑁𝑛4
𝐽(𝜆) (Eq.3.8.3) 
The R0 value was found to be 51.9Å. These result is in close agreement with our 











Figure 3.8.1 A typical 10% PAGE showing the quality of the fluorescently labeled 
157bp DNA fragments. d and da indicate FAM-labeled and dual-labeled DNA 
fragments respectively. The gel was run using 0.5xTBE buffer at room temperature, 
150V and visualized using ethidium bromide. 
 
Figure 3.8.2 A typical 8% polyacrylamide gel of reconstituted nucleosome samples.  
M: 100 bp NEB DNA ladder. Lane 1: nucleosomes reconstituted with 147bp DNA 
and Lane 2: nucleosomes reconstituted with 157bp DNA. Both nucleosomes in lanes 
1 and 2 were reconstituted in vitro using recombinant Xenopus laevis histones. The 









Figure 3.8.3 Typical time-domain fluorescence decay curves of FAM-labeled (χ2=1.0, 
τ = 4.06ns) and dual-labeled (χ2=4.82, τ = 2.63ns) nucleosomes, fitted using a one-







Figure 3.8.4 The effect of KCl concentrations on the Förster distance of a FAM-
TAMRA FRET pair. R0 remains at a constant value of 50.3 ± 1.7Å.  
 
 












Figure 3.8.7 The effect of S-adenosylmethionine (SAM) on the anisotropy of FAM-







Figure 3.8.8 The effect of monovalent counterions on the anisotropy of unmethylated 
TAMRA-labeled nucleosomes.  
 
 










Figure 3.8.10 The effect of S-adenosylmethionine (SAM) on the anisotropy of 












Figure 3.8.11 Steady-state and time-resolved fluorescence lifetime measurements of 
nucleosomes reconstituted with a 157bp DNA fragment containing Widom-601 
sequence. The TAMRA and the FAM labels are located on the DNA end and the 
octamer surface. The serine 47 of a histone H4 was mutated to a cystein for the site-
specific labeling of a FAM dye to a histone octamer. (a) The emission spectra of the 
dual-labeled methylated and unmethylated nucleosome samples are collected using a 
Cary Eclipse fluorophotometer with an excitation wavelength of 440nm. The spectra 
are normalized to the maximum emission at 520nm. The intensity of the TAMRA 
emission peak at 570nm is therefore proportional to the energy transfer efficiency. 
DNA methylation leads to lower energy transfer efficiency that suggests a less 
compact nucleosome structure.  (b) The averaged fluorescence lifetimes of dual-
labeled nucleosomes at 10mM and 110mM KCl. Methylated nucleosomes exhibit 
higher fluorescence lifetimes that correspond to lower energy transfer efficiencies and 







Figure 3.8.12 Average DNA end-to-end distances of nucleosomes with different 
DNA constructs measured at 100mM KCl. The FRET labels are located at the DNA 
ends. The average distance is calculated as f1d1+(1-f1)d2, where d1 and d2 are the 
distances in the compact and open conformations respectively, and f1 is the fraction of 
nucleosomes in the compact conformation. MMTV is a 147bp DNA containing 10 
CpG sites, with the following sequence: ACTTGCAACA GTCCTAACAT 
TCACCTCTTG TGTGTTTGTG TCTGTTCGCC ATCCCGTCTC CGCTCGTCAC 
TTATCCTTCA CTTTCCAGAG GGTCCCCCCG CACACCCCGG CGACCCTCAG 
GTCGGCCGAC TGCGGCACAG TTTTTTG. M3 is a 157bp DNA containing 19 CpG 
sites with the following sequence: ATCCCCTGGA GAATCCCGGT GCCGAGGCCG 
CTCAATTGGT CGTAGACAGC TCTAGCACCG CTTAAACGCA CGTACGCGCT 
GTCCCCCGCG TTTTCGCCGC CAAGCGGATT ACTCCGTAGT CTCCCGGCAC 
GTGTCGGATA TATACATCCT GTGCGAT. The average end-to-end distance of the 
Widom-601 (157bp), as reported in the manuscript, is included here for comparison. 





CHAPTER 4. DNA METHYLATION REGULATED NUCLEOSOME DYNAMICS 
This chapter consists of a manuscript by Jimenez-Useche I, Ke J, Tian Y, Shim D, 




A strong correlation between nucleosome positioning and DNA methylation 
patterns has been reported in literature. However, the mechanistic model accounting for 
the correlation remains elusive. In this study, we evaluated the effects of specific DNA 
methylation patterns on modulating nucleosome conformation and stability using FRET 
and SAXS. CpG dinucleotide repeats at 10 bp intervals were found to play different roles 
in nucleosome stability dependent on their methylation states and their relative 
nucleosomal locations. An additional (CpG)5 stretch located in the nucleosomal central 
dyad does not alter the nucleosome conformation, but significant conformational 
differences were observed between the unmethylated and methylated nucleosomes. These 
findings suggest that the correlation between nucleosome positioning and DNA 
methylation patterns can arise from the variations in nucleosome stability dependent on 
their sequence and epigenetic content. This knowledge will help to reveal the detailed 





DNA methylation is an important epigenetic modification that is primarily found 
within a CpG dinucleotide. Occurrence and removal of DNA methylation has important 
implications in gene regulation, e.g., X- chromosome inactivation and long-term gene 
silencing.15,16,102 Multiple factors contribute to the increase in DNA methylation levels in 
mammals, including age, gender and environmental factors. For example, several studies 
have found that elder people have higher methylation levels in comparison to young 
adults, and males have higher global DNA methylation levels compared to females.5 It is 
well-established that CpG methylation located in the promoter region plays a vital role in 
gene regulation. Abnormal increase in DNA methylation levels, particularly within the 
promoter region of tumor suppressor genes, has an established connection with various 
types of cancer, e.g., breast and lung cancer.103,104 However, the molecular mechanism of 
how CpG methylation modulates gene expression remains elusive.  
Recent genome-wide-association study (GWAS) and biochemical assays have 
revealed a very interesting correlation between nucleosome positioning and DNA 
methylation patterns.36,37 Specifically, a 10 bp periodicity of CpG and methylated CpG 
(meCpG) dinucleotides is typically observed in the genome of eukaryotic 
organisms.36,37,39,105–108 Unmethylated CpG dinucleotides predominantly exist in the 
minor grooves of the nucleosomal DNA facing away from the histone octamer, while 
methylated CpG dinucleotides (meCpG) dominate in the minor grooves of the 
nucleosomal DNA facing towards the histone octamer.36,37 
This observed correlation can be potentially attributed to the change in the 




dinucleotides, since DNA fragments have to be significantly distorted from their B-type 
conformation to comply with the surface curvature of the histone octamer.38,43 
Specifically, in eukaryotic cells, chromosomes consist of repetitive nucleosome units, i.e., 
a protein-DNA complex with 145–147 bp DNA (nucleosomal DNA) wrapped around a 
histone octamer. Due to the helical feature of DNA, nucleosomal DNA contacts the 
histone octamer at 10 bp intervals.38 These contacts are well conserved among different 
DNA sequences.38,109 Depending on the nucleosomal location (relative position within a 
nucleosome), the DNA fragments are distorted to a different extent. Based on that, there 
are three distinctive regions within the nucleosomal DNA: 1) minor grooves facing the 
histone octamer (Minor Groove), 2) minor grooves facing away from the histone octamer 
(Major Groove) and 3) a central dyad location (Central Dyad).  
DNA bases in the Major Groove display smooth bending with systematic 
underwinding, while DNA bases in the Minor Groove bend either in a smooth or kinked 
way dependent on the type of histone contacts, e.g., H3/H4 tetramer and H2A/H2B 
dimer.38 The Central Dyad location refers to the pseudo-two-fold symmetry axis of the 
nucleosome. DNA bases located in this region are more susceptible to nuclease digestion 
and exhibit a less distorted conformation as compared with other nucleosomal DNA 
regions.110,111  
This paper will elucidate how the relative position of CpG dinucleotides within a 
nucleosome may influence nucleosome conformation and stability, and how DNA CpG 
methylation alters the influence of CpG dinucleotides. To do this we specifically 
introduced defined CpG and meCpG patterns to reconstituted nucleosomes and evaluated 




nucleosomal DNA, and stability using Förster Resonance Energy Transfer (FRET) 
experiments, complemented with Small Angle X-ray Scattering (SAXS). 
4.3 Materials and Methods 
4.3.1 Preparation of DNA and nucleosome samples.  
All DNA fragments were derived from theWidom-601 sequence with detailed 
sequence outlined in Fig.4.8.1. All DNA sequences were synthesized and sub-cloned into 
a pUC57 vector by a commercial source (GenScript, Piscataway, NJ). The accuracy of 
the DNA sequences was verified by DNA sequencing. For each type of DNA construct, 
we prepared two types of labeled DNA, i.e., a Fluorescein (FAM) labeled (donor-only 
labeled) and a FAM/ TAMRA (fluorescein/Tetramethylrhodamine) labeled (dual-labeled) 
DNA, using a PCR approach as described before.55 DNA samples, 157 bp in length 
produced using PCR, are free of DNA CpG methylation and exhibit almost identical 
electrophoretic mobility as examined using a 6%polyacrylamide gel (Fig.4.8.6) DNA 
CpG methylation was introduced to all DNA constructs using a bacterial DNA 
methyltransferase, M.SssI (New England BioLabs, Ipswich, MA). Complete DNA CpG 
methylation can be achieved after incubating the DNA sample with the methyltransferase 
overnight.55 The DNA CpG methylation level was verified using the digestion pattern of 
BstUI, whose cleavage activity is completely blocked in the presence of DNA CpG 
methylation as shown in Fig. 4.8.3. The methylated DNA samples were then purified 
using phenol-chloroform extraction followed by ethanol precipitation to remove all DNA 
methyltransferase and co-factors required in the DNA methylation reaction. The labeling 
efficiency of the unmethylated and methylated DNA samples was respectively 




TAMRA labeling efficiency was found to be 99%, which ensures that the energy transfer 
efficiency as measured in this study predominately originates from the distance-
dependent Förster energy transfer between the donor and the acceptor molecules.  
The histone octamers used in this study were individually expressed in E.coli cells, 
refolded and purified using an established protocol.62,63 The purified histone octamers 
were then mixed with DNA fragments containing defined sequences and DNA 
methylation levels at an optimized stoichiometric ratio. The mixture was then dialyzed 
against a series of buffers with decreasing salt concentrations. All reconstituted 
nucleosomes were incubated at 45oC for two hours to facilitate the positioning of histone 
octamers to the central location of DNA fragments. The quality of the reconstituted 
nucleosomes was examined in an 8% polyacrylamide gel as shown in Fig. 5.8.2. The 
nucleosome preparation conditions were optimized so that the final sample does not 
contain any free DNA. 
4.3.2 Time-domain fluorescence lifetime measurements.  
For each nucleosome sample, the FRET labels were placed on the 5’ ends of the 
DNA, which is 5 bp away from the DNA sites that enter/exit from a nucleosome. The 
location of the FRET dye is selected to 1) report the compactness of a mono-nucleosome 
and 2) minimize the effects of local environment of dyes, e.g., contacts with the protein 
surface and/or neighboring DNA fragments, which can affect the Förster distance. The 
anisotropy curve of both the donor-only (FAM-labeled) and the acceptor-only (TAMRA-
labeled) samples were collected using steady state fluorescence. All samples exhibited 
anisotropy values below 0.3, suggesting that the distances calculated using the energy 




calculated using fluorescence lifetimes measured via a time-domain fluorescence 
spectrophotometer (ChronosBH, ISS, Champaign, IL) similar as described in our 
previous study.55,112 The energy transfer efficiency (E) is calculated following Eq.4.1: E = 1 − τda
τd
         (Eq.4.1) 
where 𝜏𝑑 and 𝜏𝑑𝑎 are the fluorescence lifetime of the donor-only and dual-labeled 
nucleosomes respectively. The concentration of all labeled nucleosome samples was kept 
at 1 mM by the addition of the unlabelled nucleosome samples to prevent the dissociation 
of nucleosomes at low concentrations.113 As we have shown in our previous study, the 
donor-only sample only exhibits one fluorescence lifetime, while a dual labeled 
nucleosome sample exhibits two distinctive fluorescence lifetimes corresponding to the 
open and the closed states of a nucleosome.55 𝜏𝑑𝑎 is calculated as the average lifetime 
following Eq.4.2:  
𝜏𝑑𝑎 = 𝜏1𝑓1 + 𝜏2(1 − 𝑓1)  (Eq.4.2) 
The normalized energy transfer efficiency is used to quantify the effects of salt 
concentrations on modulating nucleosome conformation and stability. 
4.3.3 Small angle x-ray scattering (SAXS) measurements.  
SAXS experiments were carried out at the G1 station at the Cornell High Energy 
Synchrotron Source in Itaca, New York. The incident beam had an energy of 10.53 keV 
and a size of 250 × 250 µm. Samples of ~30 ml were injected into an in-vacuum capillary 
flow-cell to enable windowless data collection for background reduction. All data were 
collected using the same capillary with a fixed position in the beam. Radiation damage 




Six to eight two-second exposures of the same sample were taken and no time-dependent 
changes were observed, indicating the absence of radiation damage. The buffer for each 
sample was measured before and after the sample, and the two buffer profiles were 
verified to be reproducible. Radial integration and correction of the raw scattering data 
were performed using in-house-written Matlab codes114, yielding the 
SAXS profile I(Q) from the nucleosome only (Fig. 4.8.5). Here 𝑄 = 4𝜋sinθ/λ is the 
scattering vector, where 2𝜃 is the scattering angle and λ is the x-ray wavelength. 
4.4 Results 
4.4.1 Effects of defined CpG patterns on nucleosome conformation and stability.  
We started with the strongest-known nucleosome positioning sequence, i.e. 
Widom-60139, and then perturbed this 157 bp sequence to incorporate a specific CpG 
pattern as illustrated in Fig. 4.1(a). We introduced three specific CpG patterns in this 
study, namely 1) (CpG)5 located in the Central Dyad; 2) 5 × CpG dinucleotides at 10 bp 
intervals located in the Major Grooves; and 3) 5 × CpG dinucleotides at 10 bp intervals 
located in the Minor Grooves. The modified DNA sequence is detailed in Fig.4.8.1. 
Although the Widom-601 sequence lacks any homologue sequence in nature, we chose 
this unique sequence, because 1) it has a well-elucidated nucleosomal DNA 
coordinate;41,109 and 2) its large binding affinity enables us to examine specific 
nucleosomal locations without concerning about changes in DNA translational settings. 
To verify the later point, we examined all reconstituted nucleosomes using an 8% 
polyacrylamide gel. They all exhibited a common centralized translational setting and 







Figure 4.1 Location of the CpG pattern and effect of the DNA sequence in nucleosome 
conformation and stability. (a) Schematic drawing of the CpG patterns within a 
nucleosome. The numbers represent the superhelix location (SHL). (b) Schematic 
drawing of the DNA end breathing motion of nucleosomal DNA (c) Energy transfer 
efficiency of unmethylated nucleosomes at 126 mM KCl. (d) Normalized energy transfer 
efficiency at increasing salt concentrations. Data: mean ± standard error. *: p-value < 
0.0001. 
 
The change of nucleosome conformation, as reflected in the end-to-end distance of 
nucleosomal DNA, was evaluated using FRET via a time-resolved fluorescence lifetime 




introduced to the 5’ ends of the DNA (Fig.4.1(b)) using fluorescently tagged primers 
(Sigma).55 For each DNA construct, we prepared a DNA fragment free of CpG 
methylation (unmethylated) and a DNA fragment with ~100% CpG methylation 
(Fig.4.8.3). The FRET efficiency (E) measures the end-to-end distance of nucleosomal 
DNA and informs the compactness of the nucleosome which is related to the DNA end 
‘‘breathing’’ motion (Fig.4.1(b)) at low salt concentrations.70,85 In addition, we monitored 
the stability of nucleosomes by collecting the energy transfer efficiencies under 
increasing monovalent salt concentrations (KCl ranging from 10–1200 mM). As salt 
concentration increases, the nucleosomal DNA will start to dissociate from a histone 
octamer surface.85 Nucleosomal dynamics, such as DNA end breathing motion, H2A-
H2B dimer destabilization,H2A-H2Bdimer dissociation and DNA dissociation will start 
to contribute to the stability of mono-nucleosomes at various salt ranges.85,115 Although 
the detailed dissociation pathway may vary among different DNA sequence constructs, 
we can quantify the relative stability of nucleosomes using the salt concentration at which 
half of the energy transfer efficiency signal is lost (C50). A similar approach was also 
adopted by other groups.85,116,117  
The distinctive effects of DNA CpG patterns on the end-to-end distance of 
nucleosomal DNA are illustrated in Fig.4.1(c) at [KCl] = 126 mM. Compared with 
nucleosomes with unperturbed Widom- 601 sequence, additional CpG dinucleotides in 
either the Major or Minor Grooves can result in a more open nucleosome conformation 
with a larger DNA end-to-end distance. Introducing a (CpG)5 stretch to the central dyad 
region, however, does not significantly alter the nucleosome compactness. Similar 




Fig.4.8.4). The largest conformation change was consistently observed in nucleosomes 
containing additional CpG dinucleotides located in the Minor Grooves facing the histone 
octamer. 
The stability of nucleosomes, as reflected in the salt-dependent energy transfer 
efficiencies, exhibits dependence on DNA CpG pat-terns as well (Fig.4.1(d)). 
Nucleosomes containing the Widom-601 sequence exhibit the highest stability (C50 = 488 
± 22 mM) followed by nucleosomes with the CpG pattern in the Major Groove (C50 = 
482 ± 10 mM) and the Central Dyad (C50 = 444 ± 13 mM). The dissociation curve of 
nucleosomes with the CpG pattern in the Minor Groove, however, was shifted 
significantly towards low salt concentrations (C50 = 329 ± 13 mM), suggesting reduced 
nucleosome stability. Further, it is worth noting that the shape of the dissociation curve of 
nucleosome with the (CpG)5 stretch in the Central Dyad is quite different from the rest. In 
particular, the energy transfer efficiency at low to medium salt concentrations (100–400 
mM KCl) decreases with a smaller slope, suggesting a potentially different nucleosome 
dissociation pathway. 
4.4.2 Effects of defined me CpG patterns on nucleosome conformation and stability.  
We then proceeded to quantify the effects of DNA CpG methylation on changes 
of nucleosome conformation and stability. Our results are summarized in Fig.4.2. For all 
nucleosomes examined in this study, DNA methylation leads to the formation of a more 
open nucleosome structure with enhanced DNA end breathing motion, with the exception 
of nucleosomes containing additional CpG dinucleotides in the Minor Grooves which 








Figure 4.2 Changes in nucleosome conformation and stability induced by different 
methylated CpG patterns. (a) Energy transfer efficiencies of all types of nucleosomes at 
10 mM and 126 mM KCl. (b) SAXS profile of nucleosomes with the CpG pattern in the 
Major Groove at 10 mM KCl. (c) Changes in energy transfer efficiency due to the 
methylation of specific CpG patterns at 126 mM KCl. (d) Comparison of nucleosome 






We further examined the dependence of nucleosome conformation on DNA 
methylation level using SAXS. DNA end ‘‘breathing’’ motion has been shown in 
previous studies to give rise to a specific feature in SAXS profiles around the scattering 
vector Q=0.14 Å-1 by smoothening the dip in the scattering curve.118,119 We have thus 
measured the SAXS I(Q)s of both nucleosomes with the CpG patterns in the Major 
(Fig.4.2(b)) and Minor Groove (Fig. 4.8.5). Fig.4.2(b) shows that the methylated 
nucleosomes with the CpG pattern in the Major Groove have a smoother dip around Q = 
0.14 Å-1 (enhanced DNA end breathing motion) as compared with the unmethylated ones, 
consistent with the results from FRET.  
To further illustrate the effects of different meCpG patterns at specific 
nucleosomal locations, we calculated the change in the end-to-end distances of 
nucleosomal DNA as (𝐸𝑚𝑒𝑡,𝑖 − 𝐸𝑢𝑛𝑚𝑒𝑡,𝑖)/𝐸𝑢𝑛𝑚𝑒𝑡,𝑖 for each type of nucleosomes (i), 
where Eunmet,i and Emet,i refer to the energy transfer efficiency of a specific type of 
nucleosome containing 0% and ~100% DNA methylation respectively. The results are 
illustrated in Fig.4.2(c). Interestingly, when compared with Widom-601 sequence, 
(meCpG)5 in the central dyad leads to a larger end-to-end distance of nucleosomal DNA (a 
more open conformation), while additional CpG dinucleotides in the Major or Minor 
Groove seem to have the opposite effect by suppressing the DNA end breathing motion 
and promoting a more compact nucleosome conformation compared with nucleosomes 
with unperturbed Widom-601 sequence. This effect is more dominant for CpG 
dinucleotides in the Minor Groove. 
The nucleosome stability was almost unaffected by DNA methylation, with the 




methylation, the stability of these nucleosomes is high and comparable to that of 
nucleosomes containing unperturbed Widom-601 sequence. After methylation, though, 
the stability of these nucleosomes drops drastically to a value comparable to that of 
nucleosomes with additional CpG sites in the Minor Groove. 
4.5 Discussion 
The perturbations incorporated into the Widom 601 sequence to generate specific 
CpG patterns also affect the G + C content, the total number of CpG sites and the total 
number of CpG dinucleotides in each of the three distinctive nucleosomal regions, i.e., 
Minor Grooves, Major Grooves and Central Dyad. To identify the key parameter(s) that 
leads to the variations in nucleosome conformation and stability as seen in our study, we 
performed a Pearson’s coefficient analysis.120 This analysis identified that changes in 
nucleosome conformation and stability have the strongest correlation with the number of 
CpG sites in the Minor Groove over the other aforementioned sequence features (Table 
4.8.1).  
Among all four unmethylated nucleosomes examined in this study, nucleosomes 
containing extra CpG dinucleotides in the Minor Grooves exhibit enhanced DNA end 
breathing motion and reduced nucleosomal stability. These results suggest that CpG 
dinucleotides are not favored in the nucleosomal DNA segment whose minor groove face 
the histone octamer, consistent with previous GWAS results which suggest that for well-
positioned nucleosomes, T + A tracks are preferentially located in the Minor Groove, 
while the (G + C) tracks are preferentially located in Major Groove.121–125 This preference 
is likely to originate from the ability of CpG dinucleotides to induce bending towards the 




render larger energetic barriers for DNA to comply with the surface curvature of the 
histone octamer. A more favorable curvature can be assumed for DNA constructs 
containing CpG sites in the Major Groove. For (CpG)5 stretch located in the Central 
Dyad, we do not expect a large curvature change. This is because although CpG 
dinucleotide has a high curvature, GpC dinucleotide, originated from the same CGCG 
repeat, has a low curvature which compensates for the effect of CpG dinucleotides.34,126 
Other factors, such as the change in DNA bending flexibility and stretching stiffness, are 
also expected to contribute simultaneously to the observed conformational and stability 
differences.  
Comparing the dynamic conformation of nucleosomes with and without DNA 
methylation, our results suggest that depending on the nucleosomal locations of me CpG 
dinucleotides, DNA methylation can have very different effects. Although, for the four 
DNA constructs examined in this study, DNA methylation does not further compact the 
nucleosome, methylation in the central dyad seems to exhibit a different trend in 
modulating nucleosome conformations as compared with methylation in the Major or 
Minor Grooves. The large conformational change induced by DNA methylation in 
nucleosomes with additional CpG sites in the Central Dyad can originate from the 
reduced DNA curvature of a typical (meCpG)5 stretch.34,126 This finding is consistent with 
previous predictions from molecular dynamics simulations.34 On the other hand, me 
CpG dinucleotides at 10 bp intervals can permit more local curvature on the DNA 
constructs facilitating their binding to the curved surface of the histone octamer.34 
The dramatically reduced stability of nucleosomes with additional methylated 




in the Major Groove as previously observed for unmethylated nucleosomes. This 
transition can originate from the orientation of methyl side chains, since they normally 
stick out from DNA major grooves, compacting the minor groove and broadening the 
major groove.25 Such structural features can be favorably accommodated in the minor 
grooves of the DNA facing the histone octamer. The preference of meCpG dinucleotides 
to locate in the Minor Groove is also consistent with GWAS findings.36 The DNA 
methylation induced change in nucleosomal DNA end-to-end distance, as observed in 
this paper, does not agree with the previous report using 5S rDNA sequences.26 The 
observed variation could originate from the different buffer compositions used in those 
studies and/or different nucleosomal locations of CpG dinucleotides. Although the 
findings of this paper can be a major stepping stone towards understanding the effects of 
DNA methylation on chromosome compactness, other factors, such as interactions 
between nucleosomes, effective lengths of linker DNA and interactions with linker 
histone proteins, have to be accounted for to correlate the observed changes in mono-
nucleosome conformation with chromosome compactness. This additional information 
will be essential to reconcile the controversial evidences as to the effects of DNA 
methylation on chromosome compactness in literature.27,68,127 
4.6 Conclusions 
In summary, our results suggest that nucleosome conformation, as exemplified by 
the end-to-end distance of nucleosomal DNA, and stability are distinctively modulated by 
DNA CpG and meCpG patterns. CpG dinucleotides at 10 bp intervals have a large effect 
on the compactness of nucleosomes. In particular, CpG dinucleotides located in the minor 




enhance DNA end breathing motion. As a result, CpG sites are less favored in the Minor 
Groove locations consistent with GWAS findings.36,37 DNA methylation, on the other 
hand, differently affects nucleosome conformation depending on its location within the 
nucleosome. Specifically, our results based on the Widom-601 sequence suggest that 
methylation on the central dyad further decompacts the nucleosome, while meCpG 
dinucleotides at 10 bp intervals seem to exhibit the opposite effect. However, for all four 
DNA constructs examined in this study, DNA methylation does not further compact the 
nucleosome, consistent with our previous findings.55 Further, the stability of 
nucleosomes is significantly reduced by methylation of the CpG dinucleotides located in 
the Major Groove. This finding suggests that meCpG sites will no longer be preferred in 
the Major Groove in methylated nucleosomes as seen for unmethylated nucleosomes.  
The usage of Widom-601 sequence is essential in this study to accurately position 
the meCpG dinucleotides. The current results are, thus, potentially limited to the context 
of the Widom-601 sequence. Although studies using other DNA sequences are essential 
to generalize our findings, this work is significant by elucidating a potential molecular 
mechanism accounting for the correlation between DNA sequence, including the fifth 
base of DNA, i.e., methylated cytosine, and nucleosome positioning patterns observed in 
eukaryotic genomes. 
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4.8 Supplementary Materials 
 
Figure 4.8.1 DNA sequences used in this study. The red and yellow boxes correspond to 
the major and minor groove locations respectively in the nucleosome. The numbers 
inside the boxes correspond to the superhelix locations (SHL). The black circles indicate 
the position of CpG dinucleotides found originally in the Widom-601 sequence and red X 
symbols indicate the position of the CpG dinucleotides introduced in this study. The 










Figure 4.8.2 A typical 8% polyacrylamide gel of nucleosomes reconstituted with DNA 
fragments (157bp) containing different CpG patterns and methylation levels. Control 1 
and 2: Nucleosomes with 0bp (nucleosomes with 147bp DNA) and 10bp linker 
(nucleosomes with 167bp DNA) DNA respectively. The gel was run at 150V, 4oC for 10 









Figure 4.8.3 A typical BstUI digestion result of methylated and labeled DNA fragments. 
d: donor only labeled. da: dual labeled. The DNA is 157bp in length with additional CpG 
pattern in the central dyad. The gel was 6% polyacrylamide stained with EtBr 
 
Figure 4.8.4 Energy transfer efficiency of unmethylated nucleosomes at 10mM KCl. 










Figure 4.8.5 SAXS profiles and energy transfer efficiency of nucleosomes with the CpG 
pattern in the Minor Groove. (a) SAXS profiles and (b) energy transfer efficiency of 
nucleosomes with the CpG pattern in the Minor Groove. The difference in energy transfer 
efficiency between unmethylated and methylated nucleosomes is not statistically 







Figure 4.8.6 Labeled DNA fragments produced by PCR. All DNA fragments are 157bp 
long. da: dual-labeled DNA (FAM/TAMRA). d: donor-only labeled DNA (FAM). The 
DNA fragments are the Widom-601 DNA sequence (W), the DNA fragment with the 




Table 4.8.1 Pearson’s coefficient of the conformation and stability of the nucleosomes 







CHAPTER 5. NUCLEOSOME ARRAY COMPACTION AND AGGREGATION 
MODULATED BY CPG LOCATION AND METHYLATION STATUS 
5.1 Abstract 
DNA CpG methylation has been associated with chromatin compaction and gene 
silencing. Whether DNA methylation directly contributes to chromatin compaction 
remains an open question. In this study we used Fluorescence Fluctuation Spectroscopy 
(FFS) to evaluate the compaction and aggregation of tetra-nucleosomes containing 
specific CpG patterns and methylation levels. The compactness of tetra-nucleosomes is 
dependent on DNA sequence. Introduction of five CpG dinucleotides at 10bp intervals in 
the Minor grooves of nucleosomal DNA induce more compact tetra-nucleosome 
conformation while introduction of a stretch of (CG)5 in the Central Dyad decompacts 
tetra-nucleosomes. CpG methylation suppresses tetra-nucleosome compaction with CpG 
sites in the Major groove, while the opposite was observed for tetra-nucleosomes with a 
(CG)5 stretch in the Central Dyad.  These results suggest a role of CpG and meCpG 
patterns in compaction of chromatin-like molecules. This information contributes to the 
understanding of the controversial role of DNA methylation in direct compaction of the 






The compactness of a chromatin regulates DNA-dependent processes, such as 
DNA transcription and replication, via modulating the accessibility of DNA fragments to 
the cellular machineries. DNA CpG methylation, the most commonly found epigenetic 
modification in DNA, has been associated with compaction of the chromatin fiber and 
gene silencing 17,45. Conventional wisdom holds that chromatin compaction is induced by 
CpG methylation through the synergistic recruitment of methyl binding domain proteins 
(MBDP) and other protein complexes such as SIN3A 18,19,128. However, it is unclear if 
compaction of the chromatin fiber can also be directly induced by DNA CpG methylation.  
The effect of DNA methylation on chromatin structure has been challenging to 
determine.  In general, DNA methylation has been reported to decrease the binding 
affinity of DNA to histone octamers 24,34,37,129.  DNA methylation also contributes to the 
nucleosome positioning pattern of in vitro reconstituted chromatins 25,27,51.  The effects of 
DNA methylation patterns on nucleosome structure have been well elucidated in recent 
literature 26,55,130,131. DNA methylation affects the compactness of mono-nucleosomes 
based on its sequence contexts, and more importantly the relative location of the 
methylated CpG sites130. Although overwhelming evidence exists that suggests hyper-
methylated chromatin tend to adopt a more compact folding 132, less studies exist as to the 
detailed effect of DNA methylation on chromatin. 
Recent genome-wide-association-studies (GWAS) have further revealed interesting 
correlations among DNA sequences, DNA methylation and nucleosome positioning 
patterns. Specifically, unmethylated CpG sites are found to preferentially located in the 




These preferences have been consistently observed in GWAS conducted in yeast, plants, 
invertebrates and mammals 36,37,122,133.  Methylated CpG sites, on the other hand, have 
been found to exist predominantly at 10bp periodicity in the Minor Grooves of 
nucleosomal DNA facing the histone octamers. These observations seem to suggest that 
methylated DNA fragments partially encode for their own nucleosome positioning 
patterns.  
In this paper, we evaluated the effect of different CpG methylation patterns on the 
compaction and the aggregation of tetra-nucleosomes. Nucleosome arrays, consisting of 
147bp DNA repeats connected by linker DNA of variable lengths, can be prepared via a 
reconstitution reaction.  Tetra-nucleosome as a model nucleosome array has been broadly 
used to study the structural and functional properties of chromatin 134–137. These systems 
are preferred over native chromatin because their well-defined features (linker DNA 
length, and types of histone octamers) and homogenous sample quality 138.   
In this study, we used Fluorescence Fluctuation Spectroscopy (FFS) to 
quantitatively assess the compactness and aggregation states of tetra-nucleosomes 
containing different CpG patterns and methylation levels. Our results showed that the 
compactness of tetra-nucleosomes is dependent on both the CpG patterns and DNA 
methylation states. The sequence-dependence of tetra-nucleosome compactness is 
inversely related to what we have previously observed for mono-nucleosomes 130. DNA 
methylation can either facilitate or suppress the compaction of tetra-nucleosomes 
dependent on the location of CpG sites. The aggregation of tetra-nucleosomes, measured 
as the particle size increases with increasing Mg2+ concentrations, is positively impacted 




results suggest that DNA methylation contributes to short-range intra-nucleosomal 
interaction in a sequence dependent manner, while long-range intra-nucleosomal 
interactions that lead to the formation of tetra-nucleosome aggregates are facilitated by 
DNA methylation.  Our results provide insights as to how DNA methylation modulates 
chromatin interactions and regulates gene expression. 
5.3 Materials and methods 
5.3.1 Preparation of DNA fragments for tetranucleosome array reconstitution 
Tetra-nucleosomes have been used as model systems to study multiple chromatin 
features,  including chromatin structure 134, inter- and intra- nucleosome interactions 135, 
and the effects of histone tails and post-translational modifications  on chromatin 
structure 135,136. In this study, we prepared DNA fragments containing four repeats of 
Widom-601 sequence 39 separated by linker DNA of 30bp in length. The tetra-
nucleosomes were reconstituted via a step-wise dialysis procedure 62. Additionally, we 
embedded three different CpG dinucleotide patterns, namely 1) five consecutive CpG 
dinucleotides located in the Central Dyad ((CG)5),  2) five CpG dinucleotides at 10bp 
intervals located in the Major Grooves ((CGX8)5,major groove)  and 3) five CpG 
dinucleotides at 10bp intervals located in the Minor Grooves ((CGX8)5,minor groove), to the 
original Widom-601 sequences as shown in Fig.5.1(a). These three types of DNA 
methylation patterns were selected due to their distinctive nucleosome locations, and 
consequently different contacting modes with histone octamers as we detailed in our 
previous publication 130. For example the CpG dinucleotides located in the Major 




located in the Minor Grooves directly face histone octamers based on the crystal structure 
of nucleosomes 9.  
DNA repeats containing Widom-601 sequence were cloned into pCU57 plasmid 
by synthesis (Genscript, Piscataway, NJ) and the sequence was verified using DNA 
sequencing. The detail DNA sequences of each construct are summarized in Table 5.7.1. 
DNA fragments, free of CpG methylation, were produced in E.coli TOP10 cells 
(Invitrogen, Grand Island, NY). To produce DNA fragments with methylated CpG 
dinucleotides , plasmids containing the DNA of interest were co-transformed with pAIT2 
plasmids into E.coli ER1821 cells (NEB, Ipswich, MA) 139. Plasmid pAIT2 codes for 
M.SssI methyltransferase, which catalyzes the addition of methyl groups to cytosines in 
the context of CpG dinucleotides. DNA produced using E.coli ER1821 strains co-
transformed with pAIT2 plasmid is heavily methylated at CpG sites as reported in 
literature 139. Plasmid DNA was purified following a standard protocol 62 and digested to 
release the DNA repeats. The digested DNA samples were purified using a gel 
permeation column (Sephacryl S-500 HR, GE Healthcare Life Sciences, Pittsburgh, PA). 
The quality of the DNA fragments is examined using a polyacrylamide gel as shown in 
Fig.5.7.1(a).   
The methylation level of the DNA samples was assessed using the BstUI 
digestion pattern. The cleavage ability of BstUI is blocked by CpG methylation. 
Typically, DNA fragments produced in ER1821 are 85-100% methylated based on BstUI 
digestion patterns (Fig.5.7.1(b)). These DNA fragments were incubated with M.SssI 
(NEB, Ipswich, MA) and SAM (16µM) at 37oC overnight to increase the methylation 




5.3.2 Refolding of histone octamers 
Recombinant core histone proteins H2A, H2B, H3 and H4 with sequence derived 
from Xenopus Laevis were individually expressed in bacteria as described by Luger et.al. 
62. Mutated histone proteins H2BT112C, H4S47C and H3C110A were prepared via a 
site-directed mutagenesis approach and expressed in bacteria 63. The cysteines providing 
labeling sites for fluorescent dyes, which H3C110A prevents non-specific labeling due to 
the only cysteines present in wild-type core histone proteins. The mutations we chose 
have been  shown to minimally disrupt nucleosome conformation in literature 89,140. Two 
types of fluorescent dyes were used for labeling the proteins i.e., Alexa Fluor 488 C5 
maleimide (Life Technologies, Grand Island, NY ) and Fluorescein-5-maleimide 
(AnaSpec, San Jose, CA). The fluorescent labeling reaction was carried out by incubating 
modified histones with 0.4M TCEP for 2-4 hours. The reaction was carried out overnight 
at 4oC. The reaction mixture was then dialyzed to water to remove any unreacted 
fluorescent dye molecules. The quality of the samples was verified using SDS-PAGE. 
The labeling of the proteins was confirmed by imaging the gel before and after staining 
with coomassie blue (Fig.5.7.2(a)). Histone octamers were refolded by mixing histone 
proteins in an equal stoichiometric ratio 62. The refolded octamers were then purified by 
gel permeation chromatography (Superdex 200, GE Healthcare Life Sciences, Pittsburg, 
PA). Fig.5.7.2(b) shows a typical gel of refolded histone octamers. 
5.3.3 Tetranucleosome array reconstitution 
           DNA fragments were mixed with histone octamers at an optimal ratio to 
reconstitute tetra-nucleosomes 134. The ratio of DNA to histone octamers was optimized 




nucleosomes was assessed using 0.8% agarose gel (Fig.5.7.3(a)) and restriction enzyme 
digestion patterns (Fig.5.7.3(b)).  EcoRV sites or ScaI sites were embedded in the linker 
region by design. The saturation level of the tetra-nucleosomes was assessed by the 
digestion pattern following an established protocol 141. Unsaturated tetra-nucleosomes 
with less than four histone octamers per DNA molecule will yield free DNA and mono-
nucleosomes after enzyme digestion, while saturated tetra-nucleosomes with all four sites 
occupied will only produce mono-nucleosomes (Fig.5.7.3(b)). All prepared tetra-
nucleosomes were found to have a saturation level > 95% estimated as (INCP/(INCP + 
IDNA)), IDNA and INCP  are the intensities of the free DNA and mononucleosome bands, 
respectively. The recovered reconstitution products were further purified using a Mg2+ 
(4.4mM) precipitation step to remove any unbound histone octamers 134. 
5.3.4 Fluorescence Fluctuation Spectroscopy 
Fluorescence Fluctuation Spectroscopy (FFS) was used to assess the compaction 
and aggregation of tetra-nucleosomes. All measurements were carried out  using 
fluorescently-labeled tetra-nucleosomes in TEK buffer (10mM Tris pH 7.9, 0.1mM 
EDTA and 10mM or 100mM KCl ) with various  Mg2+ concentrations (0-1.5 mM). The 
tetra-nucleosome concentration was kept at ~0.5µM. Fluctuations in fluorescence 
intensity data were collected using a dual-channel confocal spectrometer (ALBA FCS 
system, ISS, Champaing, IL) similar as described previously 129.  
The FFS data were correlated to obtain correlation curves (G(τ)). The 
fluorescence correlation spectroscopy (FCS) curves were calculated and analyzed using 
the VistaVision Software (ISS, Champaing, IL) to reveal the translational diffusion 


























DGG τττ  (Eq.5.1) 
where G(0) is the inverse of the number of molecules in the observation volume ,  wo and 
zo are characteristic dimensions of the observation volume.  wo and zo were calculated 
using a standard solution of Rhodamine 110 with known concentration and translational 
diffusion coefficient (430µm2/s) 59. A typical correlation curve and its fitting are shown 
in Fig.5.7.4(a).  
The fluorescence fluctuation data were also analyzed by Photon Counting 
Histograms (PCH). This analysis calculates the number of molecules (N) and the 
molecular brightness (ε) of fluorescent labeled molecules in a small observation volume 
142. The collected PCHs  were automatically fitted using a one-photon correction model 
by VistaVision Software (ISS, Champaing, IL) 143. Typical PCH and its fitting is shown 
in Fig.5.7.4(b). PCH analysis characterizes an oligomerization process by showing 
increases in molecular brightness 144.  
To eliminate the possibility that the dissociation of H2A/H2B dimers contribute to 
the observed translational diffusion coefficient change, we compared the diffusion 
coefficient of tetra-nucleosomes with dyes attached to H4S47C and H2BT112C, 
respectively, as shown in Fig.5.7.5. The measured diffusivities are comparable with each 
other. To account for the potential noises affiliated with FFS experiments, each 
measurement point as shown in this study was collected using tetra-nucleosomes from >2 





5.4.1 DNA sequence modulates compaction of tetra-nucleosomes  
DNA sequence has been shown to affect the conformation of  nucleosomes 130,145. 
Here we evaluated the effect of three different CpG patterns on the compaction of tetra-
nucleosomes. The translational diffusion coefficient (D) of tetra-nucleosomes labeled 
with Alexa 488 at histone H2B was measured by FCS. Fig.5.1(b) shows the translational 
diffusion coefficients of unmethylated tetra-nucleosomes at 10 and 100mM KCl. At 
10mM KCl, the addition of CpG sites in the Minor Grooves results in a 10% increase 
(p<0.005) in the translational diffusion coefficients, equivalent to a 9% reduction in the 
calculated hydrodynamic size based on Stoke-Einstein equation. In contrast, CpG sites in 
the central dyad lead to a decrease of ~14% in the translational diffusion coefficient 
(p<0.005). No significant difference is observed between tetra-nucleosomes with CpG 
sites in Major Groove and original Widom-601 repeats. Addition of KCl to 100mM 
slightly increases the compaction of all tetra-nucleosomes, but the relative compactness 






Figure 5.1 Translational diffusion coefficient of tetranucleosomes and relative 
compactness of nucleosomes and tetranucleosomes arrays. (a) Schematic drawing of the 
CpG patterns within a nucleosome (adapted from Jimenez-Useche et.al., 2013. (b) 
Translational diffusion coefficient (D) of tetra-nucleosome at 10mM KCl and 100mM 
KCl. (c-d): Comparison of the compaction level of (c) unmethylated and (d) methylated 
nucleosomes with tetra-nucleosomes at 10mM KCl. Insert: Schematic drawing of DNA 
end breathing motion in nucleosomes. Data: mean ± standard error. *: p < 0.005, #: p < 




5.4.2 Divalent cations (Mg2+) mediate the compaction and aggregation of tetra-
nucleosomes 
Nucleosome arrays assume dynamic structures and their compactness can be 
modulated by the presence of cations 86. In particular, Mg2+ cations are known to be 
effective in facilitating the compaction of nucleosome arrays by contributing to both 
short-range and long-range interaction forces 86,135. In this study, we varied the Mg2+ 
concentration from 0-1.1mM to study the compaction and aggregation of tetra-
nucleosomes.  
The translational diffusion coefficient of all tetra-nucleosomes under different 
MgCl2 concentrations are summarized in Fig.5.2(a) and (c). For unmethylated tetra-
nucleosomes, we observed an increase in translational diffusivities at low Mg2+ 
concentrations (~0-0.40mM) (Fig.5.2(a)). The maximum tetra-nucleosome compaction, 
measured as the highest translational diffusivity, was achieved at Mg2+ concentrations 
ranging from 0.40-0.65mM as summarized in Table 5.1. The translational diffusivity 
increases by ~8-22% for all unmethylated tetra-nucleosomes, corresponding to a 
hydrodynamic size reduction of 7-18%. The tetra-nucleosome with the CpG pattern 
embedded in the Minor Grooves exhibits the largest compaction induced by Mg2+ cations. 
Within the same Mg2+ concentration range, the normalized molecular brightness εNormalized, 
calculated as the ratio of the molecular brightness of tetra-nucleosomes relative to the 
molecular brightness obtained for tetra-nucleosomes in equivalent TEK buffer without 
Mg2+, remains almost constant as shown in Fig.5.2(b). This result suggests that tetra-
nucleosomes do not form multimers under this Mg2+ concentration range. Interestingly, 




compactness of each construct with respect to each other remains unaffected by the 
introduction of Mg2+ cations.  
Further increase in Mg2+ concentration is accompanied by a decrease in the 
diffusion coefficient and increases in the normalized molecular brightness.  Both de-
compaction of tetra-nucleosomes and aggregation of tetra-nucleosomes can contribute to 
the decreased diffusivity. Within the same concentration range, however, we also 
observed increases in normalized molecular brightness. Combining both evidences, it 
suggests the formation of tetra-nucleosomes oligomers or aggregates. The aggregation 
trends as demonstrated by different unmethylated tetra-nucleosomes are quite comparable 
with each other (Fig.5.2(a)). Our results suggest that additional CpG dinucleotides do not 
significantly contribute to the long-range interactions that lead to the formation of tetra-
nucleosome aggregates. 
 
Table 5.1 The Mg2+ concentration (mM) at which tetra-nucleosomes assume the 
maximum compaction. This concentration is estimated by fitting the data with cubic 
polynomial function and estimating the Mg2+ concentration at the maximum of the 
function.  All data=mean ± standard error. 
 Mg2+ (mM) 
 Unmethylated Methylated 
Widom 601 0.48 ± 0.01 0.62 ± 0.01 
Central Dyad 0.65 ± 0.01 0.49 ± 0.01 
Major groove 0.41 ± 0.01 0.42 ± 0.01 





Figure 5.2 Effect of Mg2+ cations on (a,b) translation diffusion coefficient (D) and (c,d) 
normalized molecular brightness of unmethylated and methylated tetra-nucleosome 









5.4.3 DNA CpG methylation affects tetra-nucleosome compactness dependent on DNA 
sequences 
We examined the effects of methylation on the compaction of tetra-nucleosomes. 
In the absence of Mg2+ ions, DNA methylation differentially affect the compactness of 
tetra-nucleosomes dependent on the sequence context  as shown in Fig.5.1(b). The most 
significant changes in tetra-nucleosome compactness were observed for modified 
Widom-601 sequences with an additional (CG)5 stretch in the central dyad and with 
additional CpG dinucleotides in the Major Grooves. Specifically, the DNA construct with 
(CG)5 stretch exhibits a translational diffusivity 10% higher than the unmethylated 
counterpart (p<0.005), suggesting a 9% reduction in the hydrodynamic radius of the tetra-
nucleosome. On the other hand, tetra-nucleosomes, with additional (CGX8)5, major groove, 
shows a 24% decrease (p < 0.005) in diffusivities upon DNA methylation.  This change 
corresponds to 32% increase in the hydrodynamic radius of tetra-nucleosomes. The 
compactness of tetra-nucleosome with the original Widom-601sequence and embedded 
(CGX8)5,minor groove seem to be unaffected by the presence of DNA methylation.  A similar 
trend was observed at 100mM KCl as shown in Fig.5.1(b).  
Similar to unmethylated samples, methylated tetra-nucleosomes increase their 
compactness with increasing Mg2+ concentration (~0-0.45mM) as shown in Fig.5.2(b). 
The normalized molecular brightness remains close to 1 within these MgCl2 
concentrations as shown in Fig.5.2(d). Maximum tetra-nucleosome compaction is 
achieved at 0.42-0.62mM Mg2+ as summarized in Table 5.1.  Similar as unmethylated 
tetra-nucleosomes, methylated tetra-nucleosomes show maximum compaction with 9-22% 




To quantitatively account for the effect of DNA methylation on tetra-nucleosome 
conformation at various cationic concentrations, we calculated the ratio of the 
translational diffusivity of methylated and unmethylated tetra-nucleosomes, as 
Dmet/Dunmet. Our results are summarized in Fig.5.3. At low Mg2+ concentrations (0-
0.55mM),  the Dmet/Dunmet remains almost constant.  Tetra-nucleosomes with (CG)5 in the 
Central Dyad consistently exhibits a more compact folding upon DNA methylation, while 
tetra-nucleosomes with (CGX8)5, major groove becomes less compact with the introduction of 
DNA methylation. The other two types of tetra-nucleosomes, i.e., original Widom-601 






Figure 5.3 Effect of CpG methylation on the translational diffusion coefficient of tetra-
nucleosomes at increasing Mg2+ concentrations at (a) [KCl] = 10mM and (b) [KCl] = 






5.4.4 DNA CpG methylation facilitates tetra-nucleosome aggregation  
At high Mg2+ concentrations (>0.42-0.62mM), methylated tetra-nucleosomes 
show decreased diffusivity with increasing divalent cationic concentrations (Fig.5.2(c)). 
Increases in molecular brightness were also observed in this concentration range similar 
as unmethylated tetra-nucleosomes (Fig.5.2(d)). We calculated Dmet/Dunmet using the same 
approach as described in the previous section. Interestingly, all tetra-nucleosomes have 
Dmet/Dunmet less or equal to one as shown in Fig.5.3(a) right-half. The reduction in 
diffusivities can be primarily attributed to the oligomer or aggregates formed in the 
solution phase in this concentration range. Dmet/Dunmet less or equal to one can thus be 
interpreted as formation of larger aggregates and/or more aggregates. This trend is more 
significant when KCl is at 100mM. This trend is also consistent with the sedimentation 
experiments as we carried out using both unmethylated and methylated Widom-601 tetra-
nucleosomes (Fig.5.7.6).  
5.5 Discussion 
5.5.1 Effect of DNA sequence on compaction of tetra-nucleosomes 
To quantify the effect of embedded CpG patterns on tetra-nucleosome 
conformation, we calculated the relative compactness of each tetra-nucleosomes as 
Di/DWidom 601, where Di and DWidom 601 correspond to the translational diffusion 
coefficients of tetra-nucleosome (i) and Widom 601, respectively. We compared our 
results with mono-nucleosome compactness as we observed in our previous studies 130. 
Specifically, we calculated the relative compactness of mono-nucleosomes as Ei/EWidom 
601, where E is the energy transfer efficiency measured  from a FRET dye pair attached to 




Fig.5.1(c), we observed an increase in nucleosome compaction when a (CG)5 stretch is 
introduced to the central dyad and a decrease in nucleosome compaction when  CpG sites 
are introduced in the Minor Grooves of the nucleosomal DNA. An opposite trend was 
observed in tetra-nucleosomes with the same CpG patterns. Our results seem to suggest 
the existence of a correlation between the DNA-end breathing motion of nucleosomes 
and compaction of tetra-nucleosome. Surprisingly, the revealed correlation is negative. 
One possible explanation for this is that DNA end breathing alters the linker DNA 
trajectory that can result in different compaction of tetra-nucleosomes.  
The preferential compaction of tetra-nucleosomes with additional CpG 
dinucleotides embedded in the Minor Grooves  is consistent with literature report 
showing that G+C rich DNA strands condense more easily at low Mg2+ concentrations 
than A+T rich DNA strands 146. Consequently, Mg2+ cations are more likely to reduce the 
short-range repulsion forces between neighboring nucleosomes and facilitate the 
compaction process. 
5.5.2 Effect of DNA methylation on compaction and aggregation of tetra-nucleosomes 
The effects of DNA methylation on tetra-nucleosome conformation was compared 
with our previous observations for mono-nucleosomes as shown in Fig.5.1(d). Our mono-
nucleosome study suggests an overall decrease in mono-nucleosome compaction as 
demonstrated by a reduction in measured energy transfer efficiency (E) between the ends 
of nucleosomal DNA, with the exception of DNA fragments containing additional CpG 
dinucleotides in the Minor Grooves. The trend observed in tetra-nucleosome diffusivities, 
however, does not demonstrate any correlation with that was observed for mono-




effects on mono- and tetra-nucleosomes) seems to suggest that DNA methylation 
contributes to the tetra-nucleosome structure by more than affecting the compactness of 
mono-nucleosomes. DNA methylation may also directly contribute to the intra-
nucleosome interactions that determine the distance between neighboring nucleosomes 
within the same array. 
Based on our results, DNA methylation determines the compactness of tetra-
nucleosome in a sequence dependent manner (Fig.5.2(c-d)). It is widely accepted that 
methyl groups of methylated cytosines face into the major grooves 46,52. In the case of 
tetra-nucleosomes containing methylated CpG sites in the Major Grooves, the methyl 
groups will be accommodated at the interior of the nucleosomal structure, facing the 
histone octamer surface. In this position, the methyl groups pose a hindrance for the 
nucleosomal DNA to bend and comply with the histone octamer curvature and can also 
alter the interactions between the DNA and the histone octamer 53.  As a result, a less 
compact structure of tetra-nucleosomes with (CGX8)5,major groove is to an extent expected. 
On the other hand, in the case of tetra-nucleosomes with the CpG sites in the Minor 
Grooves, the methyl groups will be accommodated on the outside of the nucleosomal 
structure, facing away from the histone octamer. Since these grooves are already widened 
due to the bending of nucleosomal DNA, the addition of extra methyl-groups are not 
expected to pose any hindrance or interfere with DNA-histone octamer contacts. As a 
result, DNA methylation does not significantly alter the compactness of tetra-
nucleosomes. Methylation of the additional (CG)5 located in the Central Dyad facilitates 
the tetra-nucleosome compactness by potentially reducing the repulsion forces between 




Based on our results, DNA methylation facilitates the aggregation of tetra-
nucleosomes independent of DNA sequence context. This observation suggests that DNA 
methylation can contribute to the long-range interactions between tetra-nucleosomes by 
increasing the effective attraction forces. These forces could be the result of interactions 
between the attached methyl groups in tetra-nucleosomes. There are literature reports 
suggesting that the presence of methyl groups in DNA facilitate the interactions between 
DNA strands 68,147.  The nature of this attractions, however, is controversial, with some 
literature claiming that this interactions are due to hydrophobicity 68 and other suggesting 
that they are due to the increased polarizability of the methyl groups 48,148. 
5.6 Conclusions 
In summary, our results suggest that the conformation of tetra-nucleosomes is 
dependent on DNA sequence context just as we observed before for mononucleosomes 
130. As expected, tetra-nucleosomes exhibit compaction followed by aggregation with 
increasing Mg2+ concentrations. Tetra-nucleosomes with additional CpG in the Minor 
Groove exhibit the largest compaction among all four constructs studied in this work, 
suggesting increased intra-nucleosome interactions due to the preferential binding of 
Mg2+ cations. Two of the CpG patterns studied here were able to distinctively modulate 
the compaction of tetra-nucleosomes upon methylation. Specifically, a stretch of 
(meCpG)5 dinucleotides favors the compaction of tetra-nucleosomes, while meCpG sites in 
the Major Grooves induced a less compact structure. Significantly, DNA methylation 
level seems to promote the aggregation of tetra-nucleosomes, suggesting increased inter-




mechanistic role of DNA methylation in determining chromatin compaction and regulate 
gene expression. 
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5.8 Supplementary Materials 
   
Table 5.8.1 DNA sequences of all four constructs used in this study. Linker DNA 
sequence is in italics and highlighted. CpG sites are in bold and underlined. 






ATCAGTACTC TGGAGAATCC CGGTGCCGAG GCCGCTCAAT 
TGGTCGTAGA CAGCTCTAGC ACCGCTTAAA CGCACGTACG 
CGCTGTCCCC CGCGTTTTAA CCGCCAAGGG GATTACTCCC 
TAGTCTCCAG GCACGTGTCA GATATATACA TCCTGTACTT 
ACGCGGCCGC ACAGTACTAC TTACGCCTGG AGAATCCCGG 
TGCCGAGGCC GCTCAATTGG TCGTAGACAG CTCTAGCACC 
GCTTAAACGC ACGTACGCGC TGTCCCCCGC GTTTTAACCG 
CCAAGGGGAT TACTCCCTAG TCTCCAGGCA CGTGTCAGAT 
ATATACATCC TGTTCTAGAC TTACGCGAGT ACTACTTACG 
CGGCTGGAGA ATCCCGGTGC CGAGGCCGCT CAATTGGTCG 
TAGACAGCTC TAGCACCGCT TAAACGCACG TACGCGCTGT 
CCCCCGCGTT TTAACCGCCA AGGGGATTAC TCCCTAGTCT 
CCAGGCACGT GTCAGATATA TACATCCTGT ACTTACGCGG 
CCAGTACTAC TTACGCGGGC CTGGAGAATC CCGGTGCCGA 
GGCCGCTCAA TTGGTCGTAG ACAGCTCTAG CACCGCTTAA 
ACGCACGTAC GCGCTGTCCC CCGCGTTTTA ACCGCCAAGG 
GGATTACTCC CTAGTCTCCA GGCACGTGTC AGATATATAC 





GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 
CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 
GCACGTACGC GCGCGCGCCC GCGTTTTAAC CGCCAAGGGG 
ATTACTCCCT AGTCTCCAGG CACGTGTCAG ATATATACAT 
CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 
GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 
TCTAGCACCG CTTAAACGCA CGTACGCGCG CGCGCCCGCG 
TTTTAACCGC CAAGGGGATT ACTCCCTAGT CTCCAGGCAC 
GTGTCAGATA TATACATCCT GTGCGATATC GATGGATCTT 
CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 
AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 
ACGCGCGCGC GCCCGCGTTT TAACCGCCAA GGGGATTACT 
CCCTAGTCTC CAGGCACGTG TCAGATATAT ACATCCTGTG 
CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 
CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 
ACCGCTTAAA CGCACGTACG CGCGCGCGCC CGCGTTTTAA 










GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 
CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 
GCACGTACGC GCTGTCCCCC GCGTTTTAAC CGCGAAGGGG 
ATCGCTCCCT AGCGTCCAGG CACGTGTCAG ATCGATACAT 
CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 
GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 
TCTAGCACCG CTTAAACGCA CGTACGCGCT GTCCCCCGCG 
TTTTAACCGC GAAGGGGATC GCTCCCTAGC GTCCAGGCAC 
GTGTCAGATC GATACATCCT GTGCGATATC GATGGATCTT 
CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 
AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 
ACGCGCTGTC CCCCGCGTTT TAACCGCGAA GGGGATCGCT 
CCCTAGCGTC CAGGCACGTG TCAGATCGAT ACATCCTGTG 
CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 
CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 
ACCGCTTAAA CGCACGTACG CGCTGTCCCC CGCGTTTTAA 
CCGCGAAGGG GATCGCTCCC TAGCGTCCAG GCACGTGTCA 





GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 
CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 
GCACGTACGC GCTGTCCCCC GCGTTTTCGC CGCCAAGCGG 
ATTACTCCGT AGTCTCCCGG CACGTGTCGG ATATATACAT 
CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 
GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 
TCTAGCACCG CTTAAACGCA CGTACGCGCT GTCCCCCGCG 
TTTTCGCCGC CAAGCGGATT ACTCCGTAGT CTCCCGGCAC 
GTGTCGGATA TATACATCCT GTGCGATATC GATGGATCTT 
CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 
AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 
ACGCGCTGTC CCCCGCGTTT TCGCCGCCAA GCGGATTACT 
CCGTAGTCTC CCGGCACGTG TCGGATATAT ACATCCTGTG 
CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 
CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 
ACCGCTTAAA CGCACGTACG CGCTGTCCCC CGCGTTTTCG 
CCGCCAAGCG GATTACTCCG TAGTCTCCCG GCACGTGTCG 














Figure 5.8.1 Typical 5% PAGE gel of DNA fragments for reconstitution of 
tetranucleosome arrays and their BstUI digestion (a) Typical 5% PAGE gel of DNA 
repeats for preparation of tetra-nucleosomes. (b) Typical digestion pattern of DNA 






Figure 5.8.2 H2B histone protein labeled with Alexa 488 at the T112C position (a) 
Histone H2B proteins labeled with Alexa488 at the T112C position. Lane 1 and 3: wild-
type core histone proteins with and without coomassie blue staining. Lane 2 and 4: H2B-
T112-Alexa488 with and without coomassie blue staining.  It is possible to observe the 
H2B band without staining due to the presence of Alexa488. (b) 18% SDS-PAGE of the 
refolded wild-type (wt) histone and modified histone octamers labeled with Alexa488 at 













Figure 5.8.3 Tetranucleosome arrays in a 0.8% agarose gel and their digestion pattern 
with EcoRV. (a) Tetra-nucleosome arrays in a 0.8% agarose gel. (b) Digestion pattern of 






Figure 5.8.4 Autocorrelation curve and photon counting histogram of labeled 
tetranucleosomes obtained from FFS experiments. (a) Typical autocorrelation curve 
obtained from FCS experiments. D = 13.9µm2/s, χ2 = 0.60. Tetra-nucleosome with 
CpGMajor pattern at 100mM KCl. (b) Typical Photon Counting Histogram  ε =194168, f = 





Figure 5.4.5 Comparison of the diffusivity of Widom-601 tetranucleosome arrays with 
fluorescent labels at position H4S47C and H2BT112C. The calculated diffusivity is 15.91 







Figure 5.8.6 Sedimentation assay of Widom-601 tetranucleosome arrays. In this assay, 
tetra-nucleosome samples with different MgCl2 concentrations (0-6mM) were incubated 
at room temperature for 15 min. The samples were then spun at 15000rpm for 15 min at 
room temperature. The absorbance of the soluble fraction of the samples (supernatant) 
was measured at 256nm. The reported normalized absorbance corresponds to the 
absorbance of the supernatants at different MgCl2 concentrations, divided by the 






CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
The aim of this work was to study the effects of different CpG patterns and their 
methylation status on chromatin structure to identify potentially relevant CpG patterns 
that could modulate compactness of the chromatin fiber.  In order to do this, we designed 
three CpG patterns based on the crystal structure of the nucleosomes. We evaluated the 
genetic effect (DNA sequence) and the epigenetic effect (DNA methylation) introduced 
by this CpG patterns at different levels of chromatin organization, i.e. Naked DNA, 
Nucleosomes and Nucleosome arrays. 
Introduction of CpG sites to the DNA sequence lead to high variability in the 
flexibility of naked DNA fragments and decreased binding affinity to the histone octamer. 
Changes in the DNA sequence also showed to distinctively modulated DNA-end 
breathing motion in nucleosomes and compactness in tetranucleosome arrays. The effects 
were more predominant on DNA sequences containing a (CpG)5 stretch in the middle and 
CpG dinucleotides at 10bp repeats in the minor grooves. For these DNA sequences an 
inverse correlation was observed between the relative compactness of the nucleosomes 
and tetranucleosomes. 
The presence of DNA methylation was found to reduce the variability in the 
observed flexibility of naked DNA fragments and significantly reduce the binding 




and tetranucleosome arrays with a (CpG)5 stretch in the middle and CpG dinucleotides at 
10bp repeats in the major grooves showed significant changes upon methylation. 
Specifically, methylation increased the compactness of tetranucleosomes with a (meCpG)5 
stretch in the middle and had the opposite effect in arrays with meCpG dinucleotides at 
10bp repeats in the major grooves. On the other hand, the compactness of 
mononucleosomes and tetranucleosome arrays with additional CpG sites in the minor 
grooves was unaffected by methylation.  
All our findings together allowed us to confirm that the location of the methylated 
CpG sites does influence the compactness of chromatin-like molecules and therefore, it 
might also affect the compactness of the chromatin fiber in vivo. Specifically, we 
identified two CpG patterns that modulate the compactness of chromatin-like molecules 
depending on their methylation status. Those patterns consist of 1) five consecutive CpG 
sites located at the middle of the DNA sequence and 2) five CpG sites repeated every 
10bp at the major grooves of nucleosomal DNA. The biological relevance of these CpG 
patterns and their potential use in screening for DNA methylation biomarkers is still to be 
determined. However, the identification of these CpG patterns assists in our 
understanding of the role of DNA methylation in chromatin compaction and regulation of 
the genetic material. 
In the future, our findings will have to be generalized using other DNA sequences. 
In particular, DNA sequences with CpG levels similar to those found in vivo might be 
used.  When using other DNA sequences, the final positions of the CpG sites within the 
nucleosome should be determined since the CpG patterns might also affect nucleosome 




CpG dinucleotides and frequency also have to be explored to better understand their role 
in modulating compactness of the chromatin structure. Finally, the functional significance 
of the identified DNA patterns in gene expression regulation has to be evaluated using 
transcription assays. In these assays, the position of the CpG pattern within the gene will 
also become part of the CpG pattern’s features and will have to be considered as well. 
If the biological significance of the DNA methylation patterns identified here is 
confirmed, these DNA methylation patterns can be used as additional criteria in order to 
screen for new and more accurately DNA methylation cancer biomarker. This criterion 
could be use in addition to the criteria of the DNA methylation level. In order to do so, a 
pool of candidate biomarker genes could be selected using the DNA methylation level 
criteria. Then, using nucleosome mapping information, the occurrence of any DNA 
methylation pattern could be assessed in the candidate biomarker genes. Using the 
information from this project, the role of the increase in methylation could be infer if any 
of the DNA methylation pattern studied here is identified in a candidate gene. From there, 
the potential of a certain gene as cancer biomarker could be evaluated taking into account 
if it will favor or not the expression of a certain gene. For example, a good candidate for 
DNA methylation biomarker will be a tumor suppressor gene with a “Central Dyad CpG 
pattern” in its promoter region, since increase levels of methylation of this CpG pattern 
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Appendix A DNA sequences 











































Table A 2 DNA sequences of tetranucleosomes. Linker DNA is highlighted and in italics. 




ATCAGTACTC TGGAGAATCC CGGTGCCGAG GCCGCTCAAT 
TGGTCGTAGA CAGCTCTAGC ACCGCTTAAA CGCACGTACG 
CGCTGTCCCC CGCGTTTTAA CCGCCAAGGG GATTACTCCC 
TAGTCTCCAG GCACGTGTCA GATATATACA TCCTGTACTT 
ACGCGGCCGC ACAGTACTAC TTACGCCTGG AGAATCCCGG 
TGCCGAGGCC GCTCAATTGG TCGTAGACAG CTCTAGCACC 
GCTTAAACGC ACGTACGCGC TGTCCCCCGC GTTTTAACCG 
CCAAGGGGAT TACTCCCTAG TCTCCAGGCA CGTGTCAGAT 
ATATACATCC TGTTCTAGAC TTACGCGAGT ACTACTTACG 
CGGCTGGAGA ATCCCGGTGC CGAGGCCGCT CAATTGGTCG 
TAGACAGCTC TAGCACCGCT TAAACGCACG TACGCGCTGT 
CCCCCGCGTT TTAACCGCCA AGGGGATTAC TCCCTAGTCT 
CCAGGCACGT GTCAGATATA TACATCCTGT ACTTACGCGG 
CCAGTACTAC TTACGCGGGC CTGGAGAATC CCGGTGCCGA 
GGCCGCTCAA TTGGTCGTAG ACAGCTCTAG CACCGCTTAA 
ACGCACGTAC GCGCTGTCCC CCGCGTTTTA ACCGCCAAGG 
GGATTACTCC CTAGTCTCCA GGCACGTGTC AGATATATAC 




GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 
CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 
GCACGTACGC GCGCGCGCCC GCGTTTTAAC CGCCAAGGGG 
ATTACTCCCT AGTCTCCAGG CACGTGTCAG ATATATACAT 
CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 
GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 
TCTAGCACCG CTTAAACGCA CGTACGCGCG CGCGCCCGCG 
TTTTAACCGC CAAGGGGATT ACTCCCTAGT CTCCAGGCAC 
GTGTCAGATA TATACATCCT GTGCGATATC GATGGATCTT 
CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 
AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 
ACGCGCGCGC GCCCGCGTTT TAACCGCCAA GGGGATTACT 
CCCTAGTCTC CAGGCACGTG TCAGATATAT ACATCCTGTG 
CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 
CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 
ACCGCTTAAA CGCACGTACG CGCGCGCGCC CGCGTTTTAA 
CCGCCAAGGG GATTACTCCC TAGTCTCCAG GCACGTGTCA 





GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 
CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 
GCACGTACGC GCTGTCCCCC GCGTTTTAAC CGCGAAGGGG 
ATCGCTCCCT AGCGTCCAGG CACGTGTCAG ATCGATACAT 
CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 
GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 




TTTTAACCGC GAAGGGGATC GCTCCCTAGC GTCCAGGCAC 
GTGTCAGATC GATACATCCT GTGCGATATC GATGGATCTT 
CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 
AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 
ACGCGCTGTC CCCCGCGTTT TAACCGCGAA GGGGATCGCT 
CCCTAGCGTC CAGGCACGTG TCAGATCGAT ACATCCTGTG 
CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 
CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 
ACCGCTTAAA CGCACGTACG CGCTGTCCCC CGCGTTTTAA 
CCGCGAAGGG GATCGCTCCC TAGCGTCCAG GCACGTGTCA 




GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 
CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 
GCACGTACGC GCTGTCCCCC GCGTTTTCGC CGCCAAGCGG 
ATTACTCCGT AGTCTCCCGG CACGTGTCGG ATATATACAT 
CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 
GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 
TCTAGCACCG CTTAAACGCA CGTACGCGCT GTCCCCCGCG 
TTTTCGCCGC CAAGCGGATT ACTCCGTAGT CTCCCGGCAC 
GTGTCGGATA TATACATCCT GTGCGATATC GATGGATCTT 
CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 
AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 
ACGCGCTGTC CCCCGCGTTT TCGCCGCCAA GCGGATTACT 
CCGTAGTCTC CCGGCACGTG TCGGATATAT ACATCCTGTG 
CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 
CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 
ACCGCTTAAA CGCACGTACG CGCTGTCCCC CGCGTTTTCG 
CCGCCAAGCG GATTACTCCG TAGTCTCCCG GCACGTGTCG 




ATCGAAGACA GTACTGGCCG CCCTGGAGAA TCCCGGTGCC 
GAGGCCGCTC AATTGGTCGT AGACAGCTCT AGCACCGCTT 
AAACGCACGT ACGCGCTGTC CCCCGCGTTT TAACCGCCAA 
GGGGATTACT CCCTAGTCTC CAGGCACGTG TCAGATATAT 
ACATCCTGTG CATGTAAGTA CTGGCCGCCC TGGAGAATCC 
CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 
ACCGCTTAAA CGCACGTACG CGCTGTCCCC CGCGTTTTAA 
CCGCCAAGGG GATTACTCCC TAGTCTCCAG GCACGTGTCA 
GATATATACA TCCTGTGCAT GTAAGTACTG GCCGCCCTGG 
AGAATCCCGG TGCCGAGGCC GCTCAATTGG TCGTAGACAG 
CTCTAGCACC GCTTAAACGC ACGTACGCGC TGTCCCCCGC 
GTTTTAACCG CCAAGGGGAT TACTCCCTAG TCTCCAGGCA 
CGTGTCAGAT ATATACATCC TGTGCATGTA AGTACTGGCC 
GCCCTGGAGA ATCCCGGTGC CGAGGCCGCT CAATTGGTCG 
TAGACAGCTC TAGCACCGCT TAAACGCACG TACGCGCTGT 
CCCCCGCGTT TTAACCGCCA AGGGGATTAC TCCCTAGTCT 








ATCGAAGACG TCTTACGCGG CCGCCCTGGA CAATCCCGGT 
GCCGAGGCCG CTCAATTGGT CGTAGACAGC TCTAGCACCG 
CTTAAACGCA CGTACGCGCT GTCCCCCGCG TTTTAACCGC 
CAAGGGGATT ACTCCCTAGT CTCCAGGCAC GTGTCAGATA 
TATACATCCT GTGCATGTAT TGAAAGTACT TACGCGGCCG 
CCCTGGACAA TCCCGGTGCC GAGGCCGCTC AATTGGTCGT 
AGACAGCTCT AGCACCGCTT AAACGCACGT ACGCGCTGTC 
CCCCGCGTTT TAACCGCCAA GGGGATTACT CCCTAGTCTC 
CAGGCACGTG TCAGATATAT ACATCCTGTG CATGTATTGA 
AAGTACTTAC GCGGCCGCCC TGGACAATCC CGGTGCCGAG 
GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC ACCGCTTAAA 
CGCACGTACG CGCTGTCCCC CGCGTTTTAA CCGCCAAGGG 
GATTACTCCC TAGTCTCCAG GCACGTGTCA GATATATACA 
TCCTGTGCAT GTATTGAAAG TACTTACGCG GCCGCCCTGG 
ACAATCCCGG TGCCGAGGCC GCTCAATTGG TCGTAGACAG 
CTCTAGCACC GCTTAAACGC ACGTACGCGC TGTCCCCCGC 
GTTTTAACCG CCAAGGGGAT TACTCCCTAG TCTCCAGGCA 





GATCTTCTGG ATATCCCCTG GAGAATCCCG GTGCCGAGGC 
CGCTCAATTG GTCGTAGACA GCTCTAGCAC CGCTTAAACG 
CACGTACGCG CTGTCCCCCG CGTTTTAACC GCGAAGGGGA 
TCGCTCCCTA GCGTCCAGGC ACGTGTCAGA TCGATACATC 
CTGTGCGATA TCGATGGATC TTCTGGATAT CCCCTGGAGA 
ATCCCGGTGC CGAGGCCGCT CAATTGGTCG TAGACAGCTC 
TAGCACCGCT TAAACGCACG TACGCGCTGT CCCCCGCGTT 
TTAACCGCGA AGGGGATCGC TCCCTAGCGT CCAGGCACGT 
GTCAGATCGA TACATCCTGT GCGATATCGA TGGATCTTCT 
GGATATCCCC TGGAGAATCC CGGTGCCGAG GCCGCTCAAT 
TGGTCGTAGA CAGCTCTAGC ACCGCTTAAA CGCACGTACG 
CGCTGTCCCC CGCGTTTTAA CCGCGAAGGG GATCGCTCCC 
TAGCGTCCAG GCACGTGTCA GATCGATACA TCCTGTGCGA 
TATCGATGGA TCTTCTGGAT ATCCCCTGGA GAATCCCGGT 
GCCGAGGCCG CTCAATTGGT CGTAGACAGC TCTAGCACCG 
CTTAAACGCA CGTACGCGCT GTCCCCCGCG TTTTAACCGC 
GAAGGGGATC GCTCCCTAGC GTCCAGGCAC GTGTCAGATC 





GATCTTCTGG ATATCCCCTG GAGAATCCCG GTGCCGAGGC 
CGCTCAATTG GTCGTAGACA GCTCTAGCAC CGCTTAAACG 
CACGTACGCG CTGTCCCCCG CGTTTTCGCC GCCAAGCGGA 
TTACTCCGTA GTCTCCCGGC ACGTGTCGGA TATATACATC 
CTGTGCGATA TCGATGGATC TTCTGGATAT CCCCTGGAGA 
ATCCCGGTGC CGAGGCCGCT CAATTGGTCG TAGACAGCTC 




TTCGCCGCCA AGCGGATTAC TCCGTAGTCT CCCGGCACGT 
GTCGGATATA TACATCCTGT GCGATATCGA TGGATCTTCT 
GGATATCCCC TGGAGAATCC CGGTGCCGAG GCCGCTCAAT 
TGGTCGTAGA CAGCTCTAGC ACCGCTTAAA CGCACGTACG 
CGCTGTCCCC CGCGTTTTCG CCGCCAAGCG GATTACTCCG 
TAGTCTCCCG GCACGTGTCG GATATATACA TCCTGTGCGA 
TATCGATGGA TCTTCTGGAT ATCCCCTGGA GAATCCCGGT 
GCCGAGGCCG CTCAATTGGT CGTAGACAGC TCTAGCACCG 
CTTAAACGCA CGTACGCGCT GTCCCCCGCG TTTTCGCCGC 
CAAGCGGATT ACTCCGTAGT CTCCCGGCAC GTGTCGGATA 








Appendix B Compaction and aggregation of tetranucleosomes containing 29bp linker 
DNA 
Similar as described in Chapter 5, we also used Fluorescence Fluctuation Spectroscopy 
experiments to measure the translational diffusion coefficient (D) and the molecular 
brightness (ε) of tetranucleosome arrays using DNA sequences containing Widom-601 
DNA sequence, and (CGX8)5. Major and (CGX8)5,Minor CpG patterns but with different 
linker DNA features (Table B1). The linker DNA length of the tetranucleosome arrays 
with the CpG patterns was 29bp, one bp shorter than the linker DNA of the 
tetranucleosome arrays used in the experiments described in Chapter 5. In addition, the 
Widom-601 tetranucleosomes used here had longer linker DNA lengths at the ends 
compared with the tetranucleosome used in Chapter 5. The main features and differences 
of the DNA sequences used here and in Chapter 5 are summarized in Table B1.   
We first compared the translational diffusion coefficients of tetranucleosomes with 
Widom-601 sequence and different linker DNA lengths at the end (Fig.1B). There is no 
significant difference between the measured diffusion coefficients of these 











































































































































Figure B 1 Diffusion coefficient of tetranucleosomes with Widom-601 sequence and 
different linker DNA length at the ends. Data: mean ± standard error.  (p < 0.1 for 
unmethylated samples, p < 0.20 for methylated samples).   
 
 
Figure B 2 Diffusion coefficients of tetranucleosomes with different CpG patterns. Data: 





The translational diffusion coefficients of tetranucleosomes at 10mM KCl in the absence 
of Mg2+ are shown in Fig.B2. Unmethylated tetranucleosome arrays with the CpG pattern 
in the major groove seem to be more compact than tetranucleosomes with Widom-601 
sequence. On the other hand, tetranucleosomes with CpG sites in the minor groove are 
less compact. These results are different from that observed with tetranucleosomes with 
30bp linker DNA.   
When methylated, the tetranucleosomes with meCpG sites at the major groove 
exhibit lower compactness. The introduction of meCpG sites at the minor grooves has no 
effect in the compactness of the tetranucleosomes. The effect of the methylation observed 
here confirms the results observed in tetranucleosomes with 30bp linker DNA.  
Similar as observed in the results from Chapter 5, increasing Mg2+ concentrations lead to 
an increase and further decrease in the translational diffusion coefficients of the 
tetranucleosomes (Fig.B3). This two trends can be associated with compaction and 
further aggregation of the arrays. 
The effect of the methylation was quantified by calculating the ratio of the 
methylated and unmethylated diffusion coefficients as Dmet/Dunmet (Fig.B4). For all 
tetranucleosomes, this ratio remains close to 1 at low Mg2+ concentrations. At high 
Mg2+ concentrations, the introduction of the CpG patterns lead to a Dmet/Dunmet < 1, 
indicating that at these concentrations, methylation favors aggregation of the 












Figure B 3 Translational diffusion coefficients of tetranucleosomes at increasing Mg2+ 




Figure B 4 Effect of DNA methylation in the translational diffusion coefficient of 





Appendix C Protocols 
Protocol C.1 – Methylation of DNA fragments using M.SssI methyltransferase 
Goal: To obtain DNA fragments with 100% CpG methylation 
Materials: 
– DNA fragments 
– M.SssI methyltransferase (4000 U/ml) 
– S-adenosylmethionine (SAM), 32mM (store at -20oC) 
– 10x reaction buffer (NEBuffer 2) 
– BstUI (1000U/ml) (or any enzyme whose activity is blocked by CpG methylation) 
– 10x reaction buffer (NEBuffer 4) 
– Phenol:Chloroform (50:50) 
– Chloroform:Isoamyl alcohol (CIA) (24:1) 




1. Determine the reaction volume (~150-250ul). The reaction volume has to be at 
least twice the volume of DNA to be methylated. 






Table C 1 Recipe for methylation of DNA fragments with M.SssI methyltransferase 
Reagent Criteria 
Water Enough to complete the reaction volume 
10x NEBuffer 2  0.1 of the reaction volume 
SAM 1.6µM 0.1 of the reaction volume 
DNA  Maximum half of the reaction volume 
M.SssI Use 1.18µl/µg of Widom 601 DNA (13CpG sites) 
 
3. Prepare a solution of 1.6µM SAM. Only prepare the amount needed for the 
reaction. Keep this solution on ice. After using, discard any leftovers. 
4. Mix the reagents of the reaction mixture in the order specified in the reaction 
recipe. Mix well. 
5. Incubate overnight at 37oC. 
Test methylation reaction completion: 
1. Take 10ul sample (the volume depends on the DNA concentration). Inactivate 
M.SssI by heating the sample at 65oC for 25 min (use the heating block).  
2. Add 1ul of BstUI enzyme and 1ul of NEBuffer 4 and incubate at 60oC for 1h (use 
the heating block).  Do the same thing with an unmethylated DNA (control 
sample). 
3. Run the undigested sample, the digested control sample and the digested 
methylated sample in a 6% PAGE gel for 30 minutes at 150V using 0.5xTBE 
buffer.If methylation is completed, the methylated DNA should not be digested 
by BstUI. If the methylation is not completed, add more enzyme and SAM and 




concentrations. If adding more enzyme do not lead to 100% methylation, reduce 
the salt concentration by diluting the reaction mixture. 
4. When 100% methylation is achieved, inactivate the M.SssI in the reaction mixture 
by heating the sample at 65C for 25 min and proceed to the purification step. 
DNA purification – phenol chloroform extraction and ethanol precipitation 
1. Extract once with the equal volume of phenol:chloroform. Spin at 8000rpm for 5 
min. 
2. Extract twice with the same volume of CIA. Spin at 8000rpm for 5 min 
3. Add 0.1 vol of 3M NaAc and 2.5 vol of ethanol. Incubate on ice for 1h. Spin at 
15000rpm, 4oC for 1h. Dissolve pellet in ~70% of the initial DNA volume that 
was methylated.  
4. Measure the concentration of DNA using the absorbance at 280nm. 
 
Protocol C.2. Competitive binding assays of DNA to histone octamers 
Goal: Compare the binding affinity of different DNA fragments to the histone octamer  
Materials: 
– Competitor DNA (unlabeled, >147bp, ~20-30µM) 
– TAMRA labeled DNA fragments with the DNA sequence of interest (>147bp, 
~1uM) 
– Histone octamer (> 20uM) 
– 25x Reconstitution buffer (500 mM Tris pH 7.5, 25 mM EDTA) 




– TEK 10 pH 7.5 (or 7.9) (10mM Tris pH 7.5, 10mM KCl, 0.1mM EDTA). Store at 
4oC 
– TEK 1.4 pH 7.5 (10mM Tris pH 7.5, 1.4 M KCl, 0.1mM EDTA). Store at 4oC 
Procedure: 
1. Calculate the binding reaction recipe based on the information in the table below 
2. All components should be kept on ice. Prepare the binding mixtures 
(reconstitution reactions) following the recipe from step 1. Since the amounts of 
histone octamer to use are very small, it is recommended to prepare a master mix 
containing all components except the TAMRA-labeled DNA. This will also 
ensure that all the binding reactions are conducted under the same conditions, 
eliminating any potential differences due to pipetting errors.  
3. Aliquote the master mix in 1.5ml microcentrifuge tubes and then add the 
TAMRA-labeled DNA to each tube. In addition, always include a tube for the 
reference TAMRA- labeled DNA (A1-TAMRA unmethylated). 
4. Transfer the binding reaction to the dialysis membranes and follow the standard 
reconstitution protocol. Always protect the samples from light.   
5. After reconstitution is complete, recover the binding reactions, and run them in a 
5% polyacrylamide gel (20cm long, 0.25xTBE buffer, 200V, 4oC, 3hours). 
6. Before staining the gel with EtBr, take a picture using the Kodak Imaging Station 
(Excitation filter = 525nm, Emission filter = 600nm). 
7. Stain the gel with EtBr for 10 min and de-stain the gel in DI water for 10 min. 
Take another picture of the gel in the imaging station using the same camara 




8. Using ImageJ, quantify the intensity of the NCP and free DNA bands in each gel 
of the gel picture taken before staining with EtBr. 
 
Table C 2 Recipe of a typical competitive binding assay reaction. 
Reagent Amount Notes 
MQ water  Add enough water  to complete the total 
volume 
25x Reconstitution buffer 1.0 uL  
4M KCl ~12.4uL  
Competitor DNA (A1) 3uM  
TAMRA-labeled DNA 0.04uM  
Octamer:MMTV ratio 0.80 The ratio has to be optimized so only a 
fraction of the TAMRA-labeled DNA is 
bound to the histone octamers (for high 
affinity molecules 0.65 is enough) 
TOTAL 25ul  
 
Data analysis: 
The reactions taking place in the reconstitution are: 
𝐻 + 𝐴 ↔ 𝑁𝐶𝑃𝐴 
𝐻 + 𝐵 ↔ 𝑁𝐶𝑃𝐵 
Where 
H = Histone octamer concentration 
A = TAMRA-labeled DNA (sample, AS, and reference, AR) 
NCP-A = TAMRA-labeled nucleosome  
B = Competitor DNA (unlabeled MMTV, Widom-601, other) 





The associated binding constants for the TAMRA-labeled DNA (sample and 
reference, KS and KR respectively) are: 
𝐾𝑆 = [𝑁𝐶𝑃−𝐴𝑆][𝐻]𝑆[𝐴𝑆]   
𝐾𝑅 = [𝑁𝐶𝑃−𝐴𝑅][𝐻]𝑅[𝐴𝑅]   
The difference in Gibbs free energy of the binding of each DNA fragments with 
respect to the reference DNA (∆∆G0) can be calculated as follow: 
∆G0S = -RTlnKS 
∆G0R = -RTlnKR 
∆G0S – ∆G0R = ∆∆G0S = -RTlnKS + RTlnKR 
∆∆G0S = RT (lnKR – lnKS) = RTln (KR/KS) 
∆∆𝐺𝑆
0 = 𝑅𝑇𝑙𝑛 [𝑁𝐶𝑃 − 𝐴𝑅][𝐴𝑆][𝐻]𝐴[𝑁𝐶𝑃 − 𝐴𝑆][𝐴𝑅][𝐻]𝑅 
If the concentration of free histone octamer is similar in both reactions, then [H]A 
= [H]R. This is true as long as the competitor DNA/labeled DNA ratio is big enough. In 
this case,  
∆∆𝐺𝑆
0 = 𝑅𝑇𝑙𝑛 [𝑁𝐶𝑃 − 𝐴𝑅][𝐴𝑆][𝐻]𝐴[𝑁𝐶𝑃 − 𝐴𝑆][𝐴𝑅][𝐻]𝑅 
∆∆𝐺𝑆
0 = 𝑅𝑇𝑙𝑛 [𝑁𝐶𝑃 − 𝐴𝑅]/[𝐴𝑅][𝑁𝐶𝑃 − 𝐴𝑆]/[𝐴𝑆]  






Protocol C.3. Purification of DNA fragments using PEG precipitation 
Goal: Obtain pure DNA fragments (for nucleosomes and tetranucleosomes) from 
digested samples containing the DNA fragments of interes and empty vector. 
Materials: 
– Digested plasmid DNA sample 
– 40% PEG, MW 6000 
– 4M NaCl 
Procedure: 
1. Dilute the DNA sample to a concentration of 1mg/ml or lower 
2. Depending on the size of the DNA fragment of interest, add X volumes of 40% 
PEG and Y volumes of 4M NaCl according to the table below. Mix well by 





Table C 3 PEG precipitation for purification of DNA fragments 
Size of DNA 
fragment (bp) 
vol of 40% PEG 
(X) 






147 0.346 0.192 9.0 500 
157 and 167 0.273 0.182 7.5 500 
4x167 0.206 0.172 6.0 500 
 
3. Incubate on ice for 1h. Spin at 4oC, 12krpm for 30 min. 
4. Remove the supernatant. Dissolve the pellet using TE (10, 0.1) pH 8.0. Use the 
same volume as the volume of the initial sample. The 4x167bp DNA fragments 
(or smaller DNA fragments) should remain in the supernatant while the empty 
vector should precipitate with the pellet. 
5. Assess the quality of the separation by running 10ul of the dissolve pellet and 





Protocol C.4. Doubling of DNA fragments in a plasmid 
Goal: To increase the number of repeats of a DNA fragment within a plasmid using a 
PstI-BglII-BamHI restriction enzymes system. Figure C1 summarized the doubling 
principle 
 
Figure C1. Restriction enzyme and ligation scheme to produce plasmids with DNA 
sequences to produce di-nucleosomes (dimer) or tri-nucleosomes (trimer). The plasmid 
containing the mononucleosome sequence contains a PstI-BglII-BamHI site. In order to 
insert and additional DNA fragment, the plasmid is digested with PstI-BglII. The 
fragment to be inserted needs to have PstI and BamHI sticky ends. Then the DNA 
fragment and the digested plasmid are ligated since BglII and BamHI sites are 









– Plasmid with a single copy of the DNA of interest 
– Restriction enzymes: PstI, BglII, BamHI 
– CIP 
– Gel purification kit 
– Competent cells 
– Miniprep kit 
Procedure: 
1. Obtain a miniprep of the plasmid with a single copy of the DNA of interest 
(15ul/miniprep, ~100ng/µl) 
2. Digest the plasmid from the miniprep product in step 1 to obtain empty vector 
using PstI and BglII restriction enzymes. The digestion is conducted at 37oC, 
overnight. A typical digestion recipe is given below: 
Table C 4 Enzyme digestion to obtain vector 
Reagent Volume (µl) 
Water 11 






3. Digest the plasmid from the miniprep product in step 1 to obtain the insert using 
PstI-BamHI. The digestion is conducted at 37oC, overnight. A typical digestion 






Table C 5 Enzyme digestion to obtain insert 
Reagent Volume (µl) 
Water 11 






4. Prepare a 1.2% agarose gel using the wide comb, prestained with EtBr.  
5. Add 1µl of CIP to the reaction in step 2 to prevent vector self-ligation. Incubate 
for 20min at room temperature and immediately run the sample in the agarose gel. 
6. Run the total volume of each the digestion reaction in steps 3 and 5 to separate the 
empty vector and the insert. Running conditions 25min, 150V, RT, Fresh 
0.5xTBE buffer. Use sucrose to load the samples in the gel (30µl reaction 
mixture+7.5µl 25% sucrose). Use both 100bp and 1kb marker. Load samples 
every other lane. 
7. Purify the vector or insert band from the gel using the gel purification kit. Use TE 
(10, 0.1) pH 8.0 or water for elution. Minimize the elution volume to maximize 
the concentration.  
8. If possible, measure vector and insert concentrations 
9. Keep a stock of empty plasmid and inserts (10µl). Keep them in a separate rack 
until all cloning is completed. 
10. Ligate the empty vector and the insert. Set up the ligation reaction in a 
microcentrifuge tube (1.5ml) on ice. Use 1µl ligase per 10µl reaction. A typical 
ligation reaction is shown below. (T4 DNA Ligase should be added last. Use 




Table C 6 Typical ligation reaction 
 Volume (µl) 
Water 2.0 
10x buffer* 1.5 
Vector  3.0 
Insert 7.0 
T4 DNA ligase 1.5 
Total 15 
* The T4 DNA Ligase Buffer should be thawed and resuspended at room temperature. 
11. Gently mix the reaction by pipetting up and down. Incubate at 16°C (or at RT) for 
1-2 hours (Usually, just leave it on the bench, properly labeled) 
12. Use the ligation reaction for transformation with competent cells (XLblue or 
TOP10). Chill the ligation mixture on ice before transformation. 
13. Transform 10 µl of ligation reaction into 100µl of competent cells. Follow the 
standard transformation procedure. 
14. Plate the culture from transformation on an agarose plate with the proper 
antibiotics for selection. 
15. Pick 3 colonies from each transformation and start a culture for miniprep. 
16. Test the miniprep product to verify if an additional copy of the insert was 
incorporated into the plasmid. For this purpose, digest the plasmid with PstI and 
BamHI enzymes to set the new insert free. The digestion can be done at 37oC, for 









Table C 7 Enzyme digestion to verify the doubling of the DNA fragment 
Reagent Volume (µl) 
Water 5 






17. Run the digestion products  in a 1.2% agarose gel (12µl). The new insert should 
be twice as long as the initial insert.  
18. Select the miniprep(s) that show the insert with the correct (desired) size and send 
them for sequencing to confirm. 
19. If the doubling is successful (confirmed by sequencing), transform this miniprep 
again to get the glycerol stock (using TOP10 cells). 
 
Protocol C.5. Production of ER 1821 Competent Cells 
Goal: To produce a stock of ER 1821 competent cells 
Materials: 
- Agar plates (without antibiotics) 
- Sterile 2xTY media 
- Sterile competent salt solution (0.44M MgCl2, 0.44M MgSO4, 0.11M KCl) 
- Transformation buffer, FB (10mM PIPES, 250 mM KCl, 15mM CaCl2, 55mM 
MnCl2) 
- DMSO 






Note: ER 1821 cells do not have any antibiotic resistance. Then, use the laminar flow 
hood for sterile conditions when plating and inoculating. 
1. Start a 200ul culture of ER 1821 cells using 2xTY media. Use 50ul of ER1821 
competent cells from the -80C stock. Incubate for 1.5hours at 37C, 210 rpm 
2. Plate the culture in an agar plate without antibiotics and incubate at 37C, O/N. 
3. Next day, inoculate 100ul 2xTY media + 2.24ml competent salt solution (sterile) 
with 10-12 colonies from a plate. Incubate at 18C, O/N (15-18 hours), 230rpm, 
until OD = 0.6 (between 0.4-0.7). If the cells are not growing O/N, increase the 
temperature to 37C in the morning and monitor the OD to reach the desired value. 
4. Chill the centrifuge rotor (buckets) and centrifuge tubes (2x50ml falcon tubes). 
5. Once the desired OD value is reached, chill culture on ice for 10 min. 
6. Transfer the culture to the pre-cooled centrifuge tubes and spin at 4000rpm, 4C, 
for 10 min. 
7. Discard supernatant, remove liquid excess with a paper towel. Gently resuspend 
the cells in 60ml (total) ice cold FB. Incubate on ice for 10 min. Spin as before 
(4000rpm, 4C, for 10 min) 
8. Discard supernatant, remove liquid excess with a paper towel. Gently resuspend 
the cells in 8ml (total) ice cold FB. Add 600ul DMSO. Incubate on ice for 10 min. 
9. Aliquote (200ul) in microcentrifuge tubes (keep tubes on ice). Flash freeze cells 




Appendix D List of DNA constructs 
The following table summarizes the names of the DNA constructs made and /or used in 
this thesis. 
Table D 1 List of DNA constructs 
Name Description Insert/Vector Enzymes to 
cut from 
vector 
Other Location in 
-80C 
freezer 
MMTV 147bp x 
multiple 
copies 
MMTV/pUC19 EcoRV  DNA 
plasmid 
stock – A3 
A1 1x157bp Widom 601/pUC19 ScaI  DNA 
plasmid 





EcoRV  DNA 
plasmid 
stock – F2 






stock – F3 





























stock – G2 






stock – G4 






stock – G5 






stock – G6 






stock – G7 























stock – H4 






stock – H5 






stock – H6 






stock – H7 






stock – H8 
M2-30bp 1x157bp Major 
groove/pUC57simple 


















stock – I2 






stock – I3 






stock – I4 




stock – J2 






stock – J3 






stock – J4 





stock – C5 
G11 4x177bp Widom-601/pUC19 EcoRV DNA 
plasmid 




















stock – E4 
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